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ABSTRACT
The current landscape of technological and industrial related fields is looking for 
novel materials with enhanced performances, which will not only improve various fields 
in science, but also can ensure increased environmental safety. Recently, metal-organic 
frameworks (MOFs) have been shown as a promising type of material for a wide range of 
applications including gas storage and separation, sensing, and heterogeneous catalysis. 
The main advantages of MOFs rely on their modular structures as well as their porosity. 
For instance, the modular nature of MOFs provides a control over chromophore 
arrangement, systematic tuning of ligand design and synthetic conditions allowing one to 
systematically tune photophysical or electronic properties. Thus, these materials could be 
utilized as a tool to address the current need in enhancement of material performance.  
This work presented within the following nine chapters is focused on the design, 
synthesis, and characterization of MOFs that target fundamental understanding of 
photophysical properties, energy transfer processes, and the ability to tune electronic 
structures of these materials. The first chapter reviews MOF applications in areas for 
which development is highly dependent on fundamental studies of MOF photophysics. 
Next four chapters discuss a utilization of MOF as an efficient replica of a protein β-
barrel to maintain chromophore emission. The major principles governing chromophore 
photophysical response inside a confined environment are examined. Chapters six and 
seven describe the key factors responsible for tunability of MOF electronic structure as a 
function of second metal or mixed valence sites incorporation. Chapter eight 
vi 
demonstrates the unprecedented role of MOF modularity necessary for engineering of 
radionuclide containing materials. Finally, chapter nine reveals the possibility of MOF 
electronic structure modulation as a function of external light stimuli.  
Overall, this work shows the possibility of MOF engineering towards various 
applications ranging from photocatalysts to optoelectronic devices. 
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INTRODUCTION 
The development of new hierarchical materials capable of efficient energy 
transfer along a predesigned pathway will boost various applications, ranging from 
organic photovoltaics to catalytic systems. Due to their exceptional tunability and 
structural diversity, metal-organic frameworks (MOFs) offer a unique platform to study 
and model directional energy-transfer processes and, thereby, an efficient path for energy 
utilization. This chapter summarizes the latest advances in MOF applications in the fields 
of optoelectronics, photoswitching, sensing, and photocatalysis, for which development is 
highly dependent on fundamental studies of MOF photophysics. 
The development of novel materials with enhanced performance is a continuous 
process mainly driven by everyday demands. Furthermore, rapid human population 
growth is accelerating the need for fast enhancement of materials performance in areas 
ranging from organic photovoltaics to photocatalytic systems. The field of 
optoelectronics is an excellent example where constantly growing societal demands in 
energy usage have forced materials evolution to speed up. Recently, MOFs, which are 
crystalline materials consisting of organic linkers connected to inorganic secondary 
building units, have been evaluated as promising candidates for a variety of renewable-
energy applications. 
Early excitement about MOF-based materials was mainly due to their high 
surface areas, with applications focusing primarily on gas storage and separation.1,2 
Today, those applications could be considered “classic” applications for MOFs, due to 
the tremendous amount of research that has mainly centered on hydrogen/methane 
storage or CO2 sequestration.3–6 More recently, it has been demonstrated that MOF 
applications can be successfully explored far beyond “smart sponges” with
 3 
unprecedented surface areas.7,8 For instance, the self-assembled nature of MOFs provides 
a powerful method for arranging hundreds of organic compounds with high structural 
organization, thereby providing an opportunity to utilize these materials as light-
harvesting mimics of natural photosystems. At the same time, crystallinity allows one to 
determine the precise distances and angles between self-assembled organic linkers and, 
therefore, study and model short- and long-range energy-transfer processes. MOFs also 
offer a high degree of synthesis tunability, which could help adjust optical, electrical, and 
sometimes even mechanical properties from the design stage. 
These materials have ideal properties for the development of new systems with 
desirable properties. In this chapter, we survey MOF applications in areas for which 
development is highly dependent on fundamental studies of MOF photophysics, 
including sensors, noninvasive thermometers, optoelectronic devices, photocatalysts, and 
photoswitches. 
Sensors 
The main principle of any sensing device is the conversion of a stimulus into a 
response. For example, an efficient change in inherent material properties after 
interaction with an analyte. Due to the combination of high surface area and structural 
tunability, MOFs stand out as a unique platform for sensing, with applications in this area 
being one of the most explored to date. Comprehensive review articles on this topic have 
been published elsewhere.9–14 Because of the advantages of rapid response and high 
sensitivity, we focus on and summarize the state of the art in the area of MOF 
photoluminescence-based sensing, with a concise discussion of perspectives and 
remaining challenges in this rapidly growing field. 
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Luminescent MOFs have been proven successful for the detection of pollutants, 
toxins, and explosives.11 Compared to purely organic or inorganic sensors, the hybrid 
nature of MOFs offers the possibility of utilizing both organic linkers and inorganic 
building units for sensing enhancement or simultaneous multiple-analyte detection 
(Figure 1.1). MOF photoluminescence response is strongly affected by changes in the 
coordination environment of the metal ions located at the nodes, interactions with guest 
molecules (e.g., π–π interactions, hydrogen and halogen bonding), and coordination of 
metal cations to organic linkers modified with chelating groups.9–14 Through fine-pore 
tunability, MOFs also allow implementation of an analyte size-exclusion strategy, 
thereby offering an additional pathway for sensing selectivity enhancement. 
Furthermore,their relatively high thermal stability allows tuning of the sensor selectivity 
 
 
Figure 1.1. Metal–organic framework 
photoluminescence: emission from an organic 
linker (green), a metal node (red), or a guest 
molecule (light blue). 
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as a function of temperature. Thus, crystallinity, porosity, tunability, and structural 
modularity are distinct advantages for the rational engineering of MOF-based sensors. 
Despite a broad range of analytes, such as explosives and toxic gases probed for 
detection by MOFs, there is still much room for improvement. The majority of MOF 
sensors are based on a “turn-off” mechanism (i.e., a decrease in the photoluminescence 
response upon exposure to an analyte). For example, toxins such as aflatoxins B1, B2, or 
G1, found in food, could be detected via fluorescence quenching of Zn2(BPDC)2(TPPE) 
(BPDC = biphenyl-4,4′-dicarboxylate, TPPE = 1,1,2,2-tetrakis(4-(pyridin-4-
yl)phenyl)ethene).15 The reverse, a “turn-on” response, especially in the visible range,16,17 
is a more favorable, albeit less common, strategy because it facilitates visualization and 
easier real-time monitoring. This response is also more difficult to design. 
Another underexplored area is tandem sensing. Highly tunable MOF structures 
allow the introduction of different functional groups for more sophisticated recognition, 
where several types of molecules can be simultaneously detected.16,18 Indeed, current 
studies mainly focus on a singular MOF “receptor.” For instance, common receptors in 
MOFs are unsaturated metal sites, which bind only one type of gaseous analyte (or every 
analyte in the mixture).16,18 Constantly growing activity in this area continues to promote 
rapid development of novel sophisticated structures, which indicates that the next 
generation of efficient MOF sensors is fast approaching. 
White light-emitting diodes 
The development of white light-emitting diodes (LEDs) is driven not only by the 
need to replace environmentally unfriendly light bulbs (or fluorescent lamps) with short 
life- times, but also by the possibility of a variety of new devices, including flexible 
screens. Highly efficient emission sources continue to be investigated by several research 
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groups.19–24 MOF-based LEDs rely on synergistic photoluminescence arising from both 
organic and inorganic components of the framework. As a result, white emission can be 
achieved through fine-tuning of the color and the relative amount of monochromatic 
emission from the organic linkers and metal nodes.19–21 Compared to purely organic 
devices, the utilization of both ligand and metal nodes can provide more robust and stable 
materials with enhanced efficiency. 
To date, there are two main approaches for engineering white light-emitting 
MOF-based materials. The first approach relies on combining red, green, and blue 
emitters, which need to be carefully balanced to produce white light. Realization of this 
approach occurs through the doping of a MOF framework with various concentrations of 
lanthanides, which exhibit versatile emissions (red, Eu; green, Tb; blue, Ce).22–24 
Although the metal doping strategy is attractive, it usually suffers, due to the fact that the 
ensuing LEDs have relatively low efficiency. A different approach for generating white 
light emission in these materials is based on a combination of blue emission from the 
framework with yellow emission from guest complexes inside the pores (Figure 1.2). The 
latter strategy has already resulted in a white-emitting LED with high efficiency, which 
was engineered from blue-emitting ([CH3]2NH2)15([Cd2Cl]3[TATPT]4) (TATPT = 2,4,6-
tris(2,5-dicarboxylphenyl-amino)-1,3,5-triazine) with immobilized yellow-emitting 
cationic iridium complexes.25 To summarize, a tremendous library of luminescent MOFs, 
in combination with potentially emissive organic linkers,10–12 provides a high degree of 
flexibility for the rational design of high-performance LEDs. Currently, improving the 
efficiency of MOF-based LEDs is the main target for this field of research. 
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Figure 1.2. White light emission of 
([CH3]2NH2)15([Cd2Cl]3[TATPT]4) (blue 
framework) with immobilized (Ir[ppy]2[bpy])+ 
(yellow sphere). The blue, red, and gray 
components within the framework represent 
nitrogen, oxygen, and carbon atoms, 
respectively. Note: TATPT, 2,4,6-tris(2,5-
dicarboxylphenyl-amino)-1,3,5- triazine; ppy, 
2-phenylpyridine; bpy, 2,2′-bipyridine. 
 
Noninvasive thermometers 
The capability to tune MOF luminescence as a function of temperature has been 
utilized to develop noninvasive thermometers for remote temperature measurements.26–31 
In addition to being noninvasive, this type of temperature determination has advantages, 
including high sensitivity, quick response, and invariance with electric or magnetic fields, 
which could be critical for industrial manufacturing, for instance. In general, the 
photoluminescence response from an organic compound dramatically drops with an 
increase in temperature.16 Recent studies have demonstrated that MOFs could 
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significantly sup- press the vibrational modes responsible for photoluminescence 
quenching at elevated temperatures.16 
For example, ligand rigidity achieved through coordinative immobilization inside 
a MOF matrix allows, in some cases, extension of the luminescence temperature range of 
an organic molecule by more than 100°C.16 This was clearly demonstrated with the 
tetraphenylethylene (TPE) chromophore when compared with a TPE-based MOF. 
Changes in the intensity of ligand-centered emission can therefore indicate temperature 
changes. However, tuning the emission color as a function of temperature is a more 
appealing strategy that also offers the possibility of remote temperature detection or 
detection by the naked eye. This approach has been demonstrated in bimetallic 
lanthanide-based MOFs, which contain two different metals inside the center— each 
metal with a distinct emission color depending on the surrounding temperature, thus 
providing an opportunity to drastically change the photoluminescence response (Figure 
1.3).28–31 
Further studies in MOF thermometry could lead to a number of novel 
applications, including thermal mapping of biological systems. However, this field 
suffers from the absence of more systematic studies, which would provide both the 
motivation and interpretation of correlations of MOF parameters (e.g., ligand design, 
metal choice, incorporated guest, and framework topology) with MOF-based 
thermometer performance. 
Active layers in organic photovoltaics 
Great demand for low-cost photovoltaic systems capable of converting sunlight 
into electrical energy has brought organic solar cells to the forefront as promising 
candidates for efficient photo-energy conversion. There are three main processes that  
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Figure 1.3. Tuning of the emission profile of 
EuxTb1–xDMBDC (DMBDC = 2,5-dimethoxy-
1,4-benzenedicarboxylate) as a function of 
temperature. Luminescent thermometry is 
accomplished through the design of a bimetallic 
lanthanide- based metal–organic framework. The 
color change represents the change in emission 
(from green to red) of the lanthanide framework 
as a function of temperature. Blue octahedra and 
gray, red, and blue spheres represent metal 
nodes, carbon, oxygen, and nitrogen atoms, 
respectively. 
 
influence the efficiency of bulk heterojunction (BH) solar cells—light harvesting, charge 
separation, and charge mobility. An almost unlimited number of combinations of metal 
ions and organic molecules, which could be utilized for MOF preparation, allow tailoring 
of the light-harvesting properties of a framework, starting from the design stage. 
There are many studies of light-harvesting MOFs in which enhancement of light 
capture is achieved through several mechanisms involving light-absorbing organic 
linkers, guest molecules, or inclusions such as quantum dots.32–36 MOFs also offer precise 
control of active layer morphology through creating an interpenetrating donor–acceptor 
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network and, therefore, affecting charge separation and carrier mobility. Recent studies 
by the Dincă group demonstrated that charge mobility in a MOF matrix is comparable to 
or even higher than that in organic semiconductors.37 With light absorption and mobility 
demonstrated, at least as proofs of concept, the question of charge separation remains, 
which has not been studied extensively in MOFs. To this end, an interpenetrated donor– 
acceptor MOF morphology may offer an attractive strategy for eliminating problems 
associated with phase segregation, which is responsible for severe charge recombination 
losses in BH cells. 
One of the first examples of utilizing a MOF for active- layer engineering was 
introduced by the Allendorf group, who developed a new organic photovoltaic material 
by incorporating α,ω-dihexylsexithiophene (DH6T) and (6,6)-phenyl-C61-butyric acid 
methyl ester (PCBM) inside a ZnO4(BTB)2 framework (MOF-177, BTB = 1,3,5-
benzenetribenzoate).32 Preliminary studies of energy-transfer processes in the designed 
material revealed that in the case of MOF linker excitation, Förster resonance energy 
transfer (i.e., the mechanism describing energy transfer between two chromophores) 
could occur between the framework and DH6T, and either energy or electron transfer 
could occur between MOF-177 and PCBM (Figure 1.4). Thus, in this case, DH6T can 
play a dual role, serving as an acceptor for MOF-177 and donor for PCBM, thus 
facilitating energy transfer. 
Despite the advantages previously mentioned, the development of MOF-based 
materials as active layer components is still in the early stages. This is because despite 
significant efforts, we currently only have a rudimentary understanding of the underlying 
photophysical processes. For instance, the possible long- and short-range energy-transfer 
processes in a MOF matrix8,33,38 could significantly affect device performance. The  
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Figure 1.4. Band alignment of MOF-177, DH6T, 
and PCBM, showing energy transfer and electron 
transfer from the excited linker of MOF-177 to 
incorporated molecules of DH6T and PCBM. 
The donor–acceptor active layer was fabricated 
by incorporating DH6T and PCBM inside a 
ZnO4(BTB)2 framework (MOF-177, BTB = 
1,3,5-benzenetribenzoate). The arrows depict the 
energy transfer (purple), charge transfer (blue), 
and FRET cascade (red). Adapted with 
permission from Reference 32. 
© 2014 Royal Society of Chemistry. Note: MOF, 
metal–organic framework; DH6T, α,ω-
dihexylsexithiophene; PCBM, (6,6)-phenyl-C61-
butyric acid methyl ester; CT, charge transfer; 
FRET, Förster resonance energy transfer. 
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relationship between light-harvesting properties and MOF topology is also unknown, 
despite its importance for device-performance optimization. Finally, the question of 
integrating a MOF-based active layer inside a larger-scale device, including thin-film 
growth, remains open. 
In conclusion, as multifunctional platforms, MOFs offer unique opportunities to 
incorporate light-harvesting building blocks, enhance charge separation and mobility, and 
prevent phase segregation—key components for successful engineering of organic 
photovoltaic devices. However, we should first address fundamental questions, including 
MOF photophysics. 
Photocatalysts 
A key advantage that makes MOFs attractive candidates for photocatalytic 
applications is the potential of integrating the three fundamental steps of artificial 
photosynthesis into a single material: light absorption, generation of charge-separated 
excited states, and charge transfer to reactive centers where reduction or oxidation could 
take place.33,38–41 MOFs may be able to mimic the natural photosystem (e.g., replication 
of chromophore organization in a leaf photosystem), a hierarchically ordered chloroplast-
like structure that is capable of photon col- lection and subsequent energy transfer. In 
principle, the attributes that make MOFs attractive for photovoltaic applications are valid 
here as well. In addition, their porous nature, coupled with their structural tunability, 
could facilitate more facile diffusion of reactants and products relative to “conventional” 
solid photocatalysts, including metal-doped zeolites.42–44 
Furthermore, crystalline MOFs facilitate mathematical predictions and 
computational modeling, thus providing mechanistic insights for short- and long-range 
energy-transfer processes. In one recent example developed by the Lin group, platinum  
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Figure 1.5. Representation of photocatalytic 
hydrogen generation and CO2 reduction using a 
light-harvesting Zr-based MOF, UiO-67. The 
UiO-67 is prepared from organic ligands 
([Ir(ppy)2(bpy)]Cl-derived dicarboxylic acid, 
red lines). The Pt nanoparticles (gray cubes) 
were loaded into the MOF cavities. Note: UiO, 
University of Oslo; ppy,2-phenylpyridine; bpy, 
2,2′-bipyridine. 
 
nanoparticles immobilized within MOF pores (Zr-based UiO framework built from a 
linear dicarboxylate ligand) (UiO = University of Oslo) showed a fivefold increase in 
catalytic efficiency for hydrogen evolution from water compared to its homogeneous 
control, or reference material (Figure 1.5).45 
Despite tremendous progress made in the design and synthesis of photoactive 
MOFs, it is still difficult to predict the photocatalytic activity of a new MOF-based 
system. Clearly, MOFs can function as photocatalysts, co-catalysts, or host materials for 
heterogeneous catalysis. However, the catalytic activity of these systems is often low and 
will need to be significantly enhanced to satisfy the requirements for practical 
implementation. There are a number of examples of MOFs that function as photocatalysts 
for hydrogen evolution, such as the one previously mentioned, but further development is 
necessary to enhance catalytic efficiency. The major factor that impedes such studies is 
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the relatively low stability of many MOFs in an aqueous solution or in the presence of 
strong oxidants. For MOFs to become a major player in the field of photocatalysis, which 
is relevant for energy conversion, water-based processes should be targeted and, 
accordingly, materials that are more stable in such environments should be produced. 
Photoswitches 
Recent studies on understanding energy-transfer mechanisms in MOFs have 
suggested the idea of their use as photoswitches (i.e., molecules that can isomerize as a 
function of incident light). For instance, coordinative immobilization of photo- chromic 
molecules such as bis(5-pyridyl-2-methyl-3-thienyl) cyclopentene as organic linkers 
allows control over the emission wavelength as a function of external stimuli, particularly 
the excitation wavelength.46 Therefore, this concept allows utilization of photochromic 
ligands to direct photophysical properties of large light-harvesting ensembles. 
Photoswitchable behavior was also demonstrated in a europium-containing MOF with a 
photoactive ligand,47 which acted as a switch due to efficient energy transfer from the 
lanthanide ion to the viologen-based linker. The initial photoluminescence response was 
recovered by exposing the MOF to atmospheric oxygen. 
The idea of solid-state photoswitching is highly appealing for the design of smart 
windows/screens or sensors.48 In contrast to other MOF applications (e.g., in sensing or 
gas storage), there are few reports in the literature related to MOF- based photoswitches. 
This could be explained by a number of factors, including a slow response in the solid 
state, a limited number of optical cycles, a loss of MOF crystallinity or complete 
framework degradation during photoisomerization cycles, and challenges in the 
preparation of MOF thin films. To conclude, MOF photoswitching is still in its infancy, 
but could develop rapidly with the principles discussed here. 
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Summary 
The foregoing discussions demonstrate only a small portion of possible 
applications for MOF-based materials in the rapidly growing areas of optoelectronics, 
sensing, photocatalysis, and photoswitching. Proof-of-concept examples, as well as 
ongoing challenges, have been highlighted. Further developments in these areas rely on 
the understanding of fundamental questions in MOF photophysics, including directional 
energy- transfer mechanisms, quantum-efficiency enhancement, and up-conversion 
phenomena. Therefore, in addition to device- fabrication development, the underlying 
photophysical processes in MOF-based materials must first be addressed for successful 
transduction of the current achievements into devices for everyday use.
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CHAPTER 2 
A BIO-INSPIRED APPROACH FOR CHROMOPHORE COMMUNICATION: 
LIGAND-TO-LIGAND AND HOST-TO-GUEST ENERGY TRANSFER IN HYBRID 
CRYSTALLINE SCAFFOLDS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
____________________ 
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Efficient multiple-chromophore coupling in a crystalline metal–organic scaffold 
was achieved by mimicking a protein system possessing 100 % energy-transfer (ET) 
efficiency between a green fluorescent protein variant and cytochrome b562. The two 
approaches developed for ET relied on the construction of coordination assemblies and 
host–guest coupling. Based on time-resolved photoluminescence measurements in 
combination with calculations of the spectral overlap function and Förster radius, we 
demonstrated that both approaches resulted in a very high ET efficiency. In particular, the 
observed ligand-to-ligand ET efficiency value was the highest reported so far for two 
distinct ligands in a metal-organic framework. These studies provide important insights 
for the rational design of crystalline hybrid scaffolds consisting of a large ensemble of 
chromophore molecules with the capability of directional ET. 
INTRODUCTION 
Efficient energy utilization that could significantly affect the current energy 
landscape involves a number of challenges, including achieving energy transfer (ET) in a 
predesigned pathway. For example, to mimic the natural photosystem, possessing high 
efficiency of directional ET, an artificial system should rely on the cooperative work of 
hundreds of chromophores. Owing to the complexity of the hierarchical chromophore 
organization, self-assembly typically becomes a key strategy to design ensembles with 
efficient ET, mimicking the natural analogues. Coordination polymers possessing well-
defined rigid structures (for example, metal-organic frameworks (MOFs)) could 
potentially address the existing challenges in the modeling of long- and short-range ET 
processes.1–18 A great advantage of these crystalline scaffolds is that the distances and 
angles between chromophores, as well as their molecular conformations, can be 
determined from single-crystal X-ray studies and controlled through the ligand design20 
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or variation of the experimental conditions.21–43 Previously, the synthetic and structural 
versatility of hybrid scaffolds was successfully deployed to design and study Dexter and 
Förster ET mechanisms.1 However, development of the next generation of artificial 
systems possessing enhanced and directional ET still requires new structural 
insights.1,12,44 
Results and Discussion 
In designing the system presented here, we were inspired by the high ET 
efficiency achieved in a protein system (a “bio-inspired approach”): a didomain protein 
made from a green fluorescent protein variant (EGFP) and a heme-binding protein, 
cytochrome b562 (cyt b562, Scheme 2.1).19 Through modulation of chromophore coupling, 
Jones and co-workers showed that a rational design of the protein scaffold could lead to 
nearly 100 % ET efficiency.19 Herein, we focused on replication of the efficient multiple 
intermolecular chromophore coupling achieved in the protein system through integration 
of chromophores with 4-hydroxybenzylidene imidazolinone (HBI) and porphyrin cores 
into an artificial rigid framework (Scheme 2.1). Recently, we showed that a porous MOF 
could be utilized as a mimic of the GFP b-barrel to maintain emission of HBI-based 
chromophores, and, therefore, replicate the photophysical properties of natural GFP-like 
systems.46 In the present study, we designed multiple-chromophore hybrid scaffolds for 
modeling ET processes. The choice of chromophores with HBI and porphyrin cores was 
dictated by the necessary overlap of the emission spectrum of the donor (HBI-based 
derivative) with the absorption spectrum of the acceptor (porphyrin-based chromophore), 
which is required to accomplish efficient resonance energy transfer (RET). With this in 
mind, we prepared donor-acceptor pairs and developed two distinct approaches to 
achieve chromophore coupling through their incorporation into a rigid hybrid matrix 
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(Scheme 2.1). Approach I involved coordinative immobilization of methyl-2-(4-(2,5-
di(pyridin-4-yl)benzylidene)-2-methyl-5-oxo-4,5-dihydro-1H-imidazol-1-yl)acetate 
(DPB-BI, donor) and tetrakis(4-carboxyphenyl)-porphyrin (H4TCPP, acceptor), which 
resulted in formation of the crystalline MOFs.  Approach II focused on non-coordinative 
inclusion of benzylidene imidazolinone (BI) molecules (donor) inside a three-
dimensional (3D) porphyrin-based host (acceptor). The guest size, host aperture, and 
chromophore photoluminescence (PL) responses were the main selection criteria in 
Approach II to achieve efficient chromophore coupling. To the best of our knowledge, 
the ligand-to-ligand ET efficiency (65 %), calculated based on the experimental time-
resolved PL data, is the highest value achieved so far between two distinct linkers in a 
MOF matrix. 
In Approach I, incorporation of DPB-BI and H4TCPP ligands into a rigid scaffold 
was achieved using a stepwise procedure. The four-step synthesis and molecular structure 
of the novel DPB-BI ligand utilized in scaffold preparation is described in the 
experimental section. The first step of Approach I was preparation of a two-dimensional 
Zn2(ZnTCPP) framework (Figure 2.1). Afterwards, coordinative immobilization of DPB-
BI was carried out through immersion of the Zn2(ZnTCPP) crystals into N,N-
dimethylformamide (DMF) or N,N-diethylformamide (DEF) solutions of DPB-BI. 
Depending on the solvent choice in the second step, formation of two MOFs, 
[Zn2(ZnTCPP)(DPB-BI)0.86(DMF)1.14]·(DMF)8.86(H2O)20 (1) and [Zn2(ZnTCPP)(DPB- 
BI)0.64(DEF)0.36]·(DEF)6.94·(H2O)12.55 (1¢), were achieved (Figure 2.1). In Approach II 
(Scheme 2.1), solvothermally prepared Pb2(TCPP)·4DMF (2)47 (Figure 2.2) was soaked 
in the BI solution for 3 days, which resulted in BI inclusion and formation of BI@2. The  
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Scheme 2.1. (top) A schematic representation of 
ET between the two coupled chromophore cores of 
a green fluorescent protein variant (EGFP) and the 
electron-transfer protein, cytochrome b562.19 
(bottom) Approaches I and II involved 
incorporation of chromophores with HBI- and 
porphyrin-based cores inside the rigid scaffold. 
Approach I focused on coordinative 
immobilization of both chromophores in 
crystalline scaffolds 1 and 1¢ while Approach II is 
based on inclusion of the BI donor molecule in the 
porphyrin-based crystalline framework 2. 
frameworks 1, 1¢, and BI@2 underwent comprehensive characterization by single-crystal 
and powder X-ray crystallography, elemental and thermogravimetric analyses, and FT-IR 
spectroscopy (Figures 2.1 and 2.2). Furthermore, the digested 1, 1¢, and BI@2 samples 
(destroyed in the presence of acid) were analyzed by mass-spectrometry and 1H NMR 
spectroscopy. 
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Figure 2.1. The X-ray structures of 
Zn2(ZnTCPP),45 DPB-BI, 1, and 1¢. Increase of 
the interlayer distance occurred, owing to 
coordinative immobilization of DPB-BI.  
The structural analysis of 1 and 1¢ is shown in Figure 2.1. The Zn2(ZnTCPP) 
framework consists of two-dimensional (2D) layers in which ZnTCPP4- is coordinated to 
paddle-wheel Zn2(O2C–)4 secondary building units (SBUs, Figure 2.1). Immersion of the 
2D framework into a DPB-BI solution resulted in coordination of the second ligand by 
the replacement of the apical solvent molecules in the SBUs, and, thereby, formation of 
the crystalline scaffolds 1 and 1¢. The choice of solvent (DMF [1] versus DEF [1¢]) used 
for DPB-BI immobilization affected the stacking of the 2D layers (Figure 2.1). In the 
case of 1, DPB-BI connects pairs of 2D layers, while in 1¢ DPB-BI connects all layers 
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2.8 Å (O···O distance in Zn2(ZnTCPP)) to 11.5 Å (11.4 Å) (N···N distance in 1 (1¢)), 
which is consistent with the DPB-BI length determined from its molecular structure 
(11.45 Å, Figure 2.1). The powder X-ray diffraction (PXRD) studies of 1 and 1¢ 
confirmed the preservation of crystallinity during the two-step chromophore 
immobilization procedure. 
Structural analysis of 2 (Figure 2.2) revealed that the 3D framework utilized as a 
host for the BI molecules consists of TCPP4— linkers connected to carboxylate-bridged 
Pb2+ chains.47 More importantly, 2 contains 1D 8 × 11 Å channels suitable for BI 
incorporation (Figure 2.2). The PXRD analysis showed that inclusion of BI molecules 
does not affect the host crystallinity, and spectroscopic studies of digested BI@2 revealed 
that the framework contains one guest molecule per two TCPP4— units (Figure 2.2). 
To test whether ET can occur in the designed scaffolds, photophysical properties 
of donor/acceptor molecules as well as 1, 1¢, and BI@2 were studied by diffuse 
reflectance (DR), fluorescence, and time-resolved PL spectroscopies. For effective RET, 
the emission spectrum of the HBI-based donor should overlap with the absorption 
spectrum of the porphyrin-based acceptor. The absorption spectrum in the solid state was 
evaluated by DR (Figure 2.3), and indicated the DPB-BI (donor) used for preparation of 1 
is emissive in the range of 400–550 nm with lmax = 440 nm (lex = 365 nm). The BI 
molecule used in Approach II exhibits a similar PL profile to DPB-BI and emits in the 
same 400–550 nm range with lmax = 440 nm (lex = 365 nm, Figure 2.3). Notably, the 
EGFP originally used in the didomain protein system (see above) fluoresces in the same 
range as BI and DPB-BI but with a slightly red-shifted emission maximum.19 Therefore,  
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Figure 2.2. PXRD patterns of 2 and 
BI@2. The inset shows the single-
crystal X-ray structure of 2. The grey 
arrow indicates the 1D channels 
suitable for BI incorporation. H atoms 
and guest solvent molecules were 
omitted for clarity.  
 
Figure 2.3. (a) The DR spectrum of Zn2(ZnTCPP) 
(dashed grey line) and emission spectra of DPB-BI 
(solid black line) and Zn2(ZnTCPP) (solid grey 
line). (b) The emission spectrum of 1. The inset 
shows an epifluorescence microscopy image of a 
crystal of 1 (lex = 510 nm). (c) The DR spectrum 
of 2 (dashed grey line) and emission spectra of BI 
(solid black line) and 2 (solid grey line). (d) The 
emission spectrum of BI@2. An excitation 
wavelength of 365 nm was used to acquire all PL 
spectra.  
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the PL profiles of both BI and DPB-BI replicate the fluorescence response of the EGFP 
that was initially used as a model for the HBI-based chromophore design.  
Based on the DR data, both acceptors, Zn2(ZnTCPP) and framework 2, absorb 
light up to 650 nm (Figure 2.3), which provides the necessary spectral overlap of their 
absorption profiles with the donor emission responses. Coordinative immobilization of 
both donor and acceptor moieties in rigid 1 and 1¢ resulted in complete disappearance of 
donor emission (Figure 2.3), which could be attributed to efficient ET.7,48 To 
quantitatively describe possible ET processes occurring in 1, 1¢, and BI@2, time-resolved 
fluorescence decay measurements were carried out. The ET efficiency (FET) was 
determined based on donor lifetimes in the presence and absence of the acceptor 
molecules.48 We investigated the PL decays within the donor emission range to exclude 
the PL response of porphyrin-based acceptors. Time-resolved decays for coordinatively 
immobilized DPB-BI (DPB-BI-1 [or DPB-BI-1¢], in the presence of the acceptor) and 
DPB-BI coordinated to Zn2+ (in the absence of the acceptor) demonstrated more rapid 
decay than free DPB-BI. Analysis of the curves with a reconvolution fit supported a 
triexponential decay model in each case and revealed a shortening of the amplitude-
weighted average lifetimes from 1.09 (DPB-BI) to 0.38 and 0.51 ns in the presence of the 
acceptor molecules in 1 and 1¢, respectively (Table 2.1). 
The estimated values of the corresponding FET and ET rate constant (kET) of 1 
were found to be 65 % and 1.71 × 1010 s—1, respectively. Interestingly, slightly smaller 
FET (53 %) was observed for 1¢ (Table 2.1), which could be attributed to the different 
topology of 1¢, that is, the difference in stacking of 2D layers as shown in Figure 2.1. 
Notably, the excitation spectrum of 1, obtained by scanning from 380 to 540 nm with 
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fixed emission at 680 nm (PL from Zn2(ZnTCPP)) is different from the excitation 
spectrum of Zn2(ZnTCPP) (without DPB-BI immobilization). Thus, the PL studies 
confirm that efficient ET from DPB-BI to Zn2(ZnTCPP) takes place in the prepared 
scaffolds. Furthermore, to address the possibility of RET in 1 (1¢), the Förster critical 
radius (Ro) was obtained through calculation of the spectral overlap function (J) and was 
found to be J = 6.25 × 10—14 cm3 M—1 (Table 2.1). On the basis of the calculated spectral 
overlap function, we estimated Ro to be 23 Å, which is far beyond the donor–acceptor 
distance approximated from the structural data (the distance between Zn in the ZnTCPP 
unit and the corresponding N···N centroid of DPB-BI is roughly 7.7 Å). Thus, based on a 
combination of PL measurements and calculations of J and Ro, we attribute the observed 
changes in donor emission profile after its coordinative immobilization to RET. A similar 
tendency was observed in the case of time-resolved studies of BI@2. The time-resolved 
PL decay of BI@2 decreases more rapidly in comparison with the one acquired from a 
non-incorporated BI molecule (in the absence of acceptor 2). Similar to Approach I, the 
amplitude-weighted average life-time in the presence of the acceptor (2) was found to be 
0.53 ns, which is 3.5 times shorter in comparison to that determined for the non-
incorporated BI chromophore (1.89 ns). Estimated FET in BI@2 was found to be 72 %. 
Thus, high FET values were achieved in both developed approaches. The estimated J for 
BI@2 and the corresponding Ro were found to be J = 4.57 × 10—14 cm3 M—1 and 21 Å, 
respectively. Taking into account the dimensions of the 1D channels in 2 and the size of 
the incorporated BI molecules, the estimated Ro is far beyond the guest–host distance. 
Therefore, similar to 1 and 1¢, we attribute the changes in the time-resolved PL decays 
observed for the BI@2 scaffold to RET. 
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Table 2.1. The amplitude-weighted average lifetimes (tav), ET rate constants (kET), 
Förster critical radii (Ro), ET efficiency (FET), and spectral overlap functions (J) for 
DPB-BI, DPB-BI-1, DPB-BI-1¢, BI, and BI@2 samples. 
 DPB-BI DPB-BI-1 DPB-BI-1¢ BI BI@2 
á tav ñ, ns 1.09 0.38 0.51 1.89 0.53 
kET ´ 1010 s-1 – 1.71 1.04 – 1.36 
Ro, Å – 23 23 – 21 
FET, % – 65 53 – 72 
J ´ 10-14 cm3m-1 – 6.25 6.25 – 4.57 
 
To summarize, we have developed two distinct approaches focused on mimicking 
a protein system that possesses high ET efficiency. Moreover, both selected HBI-based 
chromophores, BI and DPB-BI, were emissive in the same range as the EGFP used in the 
targeted protein system. Combination of time-resolved PL studies with spectral overlap 
function calculations revealed high FET was achieved by coordinative immobilization of 
the donor/acceptor chromophores and non-coordinative inclusion of the donor molecules 
inside the acceptor scaffold. Furthermore, the experimental FET obtained through a 
rational design of 1, based on the time-resolved PL data, is the highest value for ligand-
to-ligand ET efficiency reported so far for MOFs. Thus, the bio-inspired approach 
demonstrated herein could foreshadow the utilization of hybrid scaffolds to direct 
chromophore behavior in large light-harvesting ensembles and, therefore, achieve 
directional energy transfer in a predesigned pathway. 
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EXPERIMENTAL SECTION 
Materials 
Zinc nitrate hexahydrate (technical grade, Ward’s Science), 2,5-dibromotoluene 
(98%, Oakwood Chemical), chromium(VI) oxide (99.9%, Sigma-Aldrich), glacial acetic 
acid (ACS grade, BDH), acetic anhydride (99.63%, Chem-Impex International Inc.), 
sulfuric acid (ACS grade, Fischer Scientific), sodium carbonate (ACS grade, Macron 
Fine Chemicals), hexanes (ACS grade, Fischer Scientific), ethanol (Decon Laboratories, 
Inc.), pyridine-4-boronic acid (95%, Matrix Scientific), 
tetrakis(triphenylphosphine)palladium(0) (98%, Matrix Scientific), toluene (ACS grade, 
Macron Fine Chemicals), dichloromethane (ACS grade, Oakwood chemical), ethyl 
acetate (HPLC grade, EMD Chemicals), sodium hydroxide (ACS grade, Macron Fine 
Chemicals), magnesium sulfate (ACS grade, Fisher Scientific), potassium carbonate 
(ACS grade, BDH), glycine methyl ester hydrochloride (98%, Acros Organics), diethyl 
ether (ACS grade, J. T. Baker® Chemicals), ethyl acetimidate hydrochloride (97%, Alfa 
Aesar), tetrakis(4-carboxyphenyl)porphyrin (97%, Frontier Scientific), pyrazine (99%, 
Matrix Scientific), benzaldehyde (98%, Alfa Aesar), methylamine solution (33% in 
absolute ethanol, Aldrich), Pb(NO3)2 (99%, Alfa Aesar), N,N-diethylformamide (>99%, 
TCI America), N,N-dimethylformamide (ACS grade, BDH), chloroform-d (Cambridge 
Isotopes), and DMSO-d6 (Cambridge Isotopes) were used as received. 
The compounds 2,5-dibromophenylmethylene diacetate (S2),49 2,5-
dibromobenzaldehyde (S3),49 2,5-di(pyridin-4-yl)benzaldehyde (DPB-CHO, S4, the 
single-crystal X-ray structure is shown in Figure 2.4),50 methyl-2-((1-
ethoxyethylidene)amino)acetate,51 Zn2(ZnTCPP) [H4TCPP = tetrakis(4-carboxyphenyl)-
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porphyrin],45 benzylidene imidazolinone (BI, the single-crystal X-ray structure is shown 
in Figure 2.5 ),52 and Pb2(TCPP)·4DMF (2, the single-crystal X-ray structure is shown in 
Figure 2.6)47] were prepared according to the reported procedures. 
Synthesis of methyl-2-(4-(2,5-di(pyridin-4-yl)benzylidene)-2-methyl-5-oxo-
4,5-dihydro-1H-imidazol-1-yl)acetate (C24H20N4O3, DPB-BI, Scheme S1). 
The prepared methyl-2-((1-ethoxyethylidene)amino)acetate (0.53 g, 3.30 mmol) 
was added to synthesized DPB-CHO (0.30 g, 1.15 mmol) in 15 mL of EtOH and a 
catalytic amount of acetic acid (0.04 g, 0.70 mmol). After the resulting mixture was 
stirred vigorously for 2 days at room temperature, 30 mL of water was added and the 
solution was stirred for another 2 h. The obtained pale yellow powder was collected by 
filtration and washed with water and hexane. After drying under vacuum, DPB-BI (0.27 
g, 0.64 mmol) was isolated in 56% yield. X-ray single crystal structure is shown in Figure 
2.7 1H NMR (DMSO-d6, 400 MHz): δ = 2.36 (3H, s), 3.71 (3H, s), 4.53 (2H, s), 6.82 
(1H, s), 7.45 (2H, dd, J = 6 Hz, 1.5 Hz), 7.60 (1H, d, J = 8.1 Hz), 7.77 (2H, dd, J = 6 Hz, 
1.5 Hz), 7.98 (1H, dd, J = 8.1 Hz, 1.8 Hz), 8.72 (4H, d, J = 5.4 Hz), 9.22 (1H, d, J = 1.8 
Hz) (Figure 2.9). 13C NMR (DMSO-d6, 100 MHz): δ = 15.44, 41.23, 52.56, 121.28, 
121.73, 124.58, 128.41, 130.30, 130.83, 131.73, 137.58, 139.34, 141.49, 146.20, 146.68, 
149.81, 150.50, 164.85, 168.48, 169.18 (Figure 2.9). IR (neat, cm−1): 3031, 2947, 1736, 
1707, 1643, 1594, 1562, 1547, 1481, 1409, 1365, 1306, 1244, 1222, 1184, 1152, 1123, 
1089, 1063, 1023, 989, 924, 912, 899, 851, 830, 811, 798, 770, 756, 723, 708, 694, 669, 
659 (Figure 2.8). HRMS (ESI, m/z) calculated for C24H20N4O3 [M+H]+ 413.1614, found 
413.1622.  
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Figure 2.4. Molecular structure 
of DPB-CHO. Displacement 
ellipsoids drawn at the 60% 
probability level. Blue, red, gray, 
and white spheres represent N, 
O, C, and H atoms, respectively. 
  
Figure 2.5. a) Molecular structure of BI. 
b) One formula unit. Water oxygen 
located on a crystallographic two-fold 
axis of rotation. Asterisks denote 
symmetry-equivalent atoms. Hydrogen 
bonds drawn as red dotted bonds. 
Displacement ellipsoids drawn at the 
60% probability level. Blue, red, gray, 
and white spheres represent N, O, C, and 
H atoms, respectively.  
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Figure 2.6. a) A side view of the 1D polymeric chain of Pb2+ 
bridging by carboxyl oxygens. b) A fragment of 2 structure 
demonstrates TCPP4– ligand connected to Pb2+. c) A view of 
the 3D porous framework of 2 along slightly off the b-axis. d) 
A view of the 3D porous framework showing the one-
dimentional channels used for BI inertion. Purple, red, blue, 
and gray spheres represent Pb, O, N, and C atoms, 
respectively. Hydrogen atoms are omitted for clarity. 
b
) a) 
 34 
Preparation of 1 ([Zn2(ZnTCPP)(DPB-BI)0.86(DMF)1.14]·(DMF)8.86(H2O)20, 
Zn3С98.64H151.2N17.44O40.58) 
In a 1 dram vial, Zn2(ZnTCPP) (0.010 g, 0.0097 mmol) was added into a solution 
of DPB-BI (0.040 g, 0.097 mmol) in 3 mL DMF. After 2 days, the mother liquor was 
replaced with fresh DMF to remove any excess DPB-BI ligand. The described procedure 
was repeated five times to thoroughly wash away any residual ligand. As a result, the red 
 
Scheme 2.2. Synthesis of DPB-BI. 
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Figure 2.7. Molecular structure of DPB-BI. Displacement ellipsoids 
drawn at the 60% probability level. Blue, red, gray, and white spheres 
represent N, O, C, and H atoms, respectively. 
 
 
 
 
 
 
 
Figure 2.8. FT-IR spectrum of DPB-BI. 
 36 
 
 
Figure 2.9. 1H NMR (top) and 13C NMR (bottom) spectra of the 
synthesized DPB-BI ligand. 
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 square plate-crystals of 1 (6.20 mg, 0.0050 mmol) were isolated in 50% yield. IR (neat, 
cm–1): 3450, 2929, 2859, 1751, 1722, 1660, 1608, 1559, 1503, 1435, 1386, 1337, 1255, 
1220, 1205, 1176, 1153, 1091, 1063, 1021, 1009, 993, 915, 872, 837, 796, 774, 721, 712, 
699, 659 (Figure 2.10). A combination of 1H NMR spectroscopy (Figure 2.14) and 
elemental analysis was used to establish the formula of 1. Table 2.2 contains the X-ray 
crystal structure refinement data of 1. As shown in Figures 2.1 and 2.11, 1 consists of 
two-dimensional layers, made from paddlewheel shaped Zn2(O2C–)4 secondary building 
units bridged by TCPP4– ligands, which are connected by DPB-BI pillars. Pillar 
installation resulted in an increase of interlayer distances from 2.8 Å to 11.5 Å (Figure 1 
and Figure 2.11). PXRD studies were employed to study as-synthesized bulk of 1. As 
shown in Figure 2.12, the PXRD pattern of 1 matches simulated (from the single-crystal 
X-ray analysis). Moreover, the PXRD studies were used to confirm crystallinity of bulk 
two-dimensional Zn2(ZnTCPP) after the DPB-BI insertion. The stability of prepared 1 
was tested by thermogravimetric analysis, which demonstrated a rapid loss of the solvent 
molecules starting at the 25–100 °C temperature range (Figure 2.13). 
 
Figure 2.10. FT-IR spectrum of 1. 
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Figure 2.11. a) A secondary building unit, Zn2(O2C-)4, 
in 1. b) A fragment of the structure 1 shows ZnTCPP4– 
ligand bridging the secondary building units Zn2(O2C-)4. 
c) The X-ray crystal structure of 1. Green sphere 
represents imidazolinone part. Orange, red, blue, and 
gray spheres represent Zn, O, N, and C atoms, 
respectively. Hydrogen atoms are omitted for clarity. 
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Figure 2.12. PXRD patterns of 1: 
experimental (red) and simulated 
(black) with preferential orientation 
along 102 direction. The inset shows 
an expansion of the simulated PXRD. 
 
Figure 2.13. Thermogravimetric 
analysis plot of 1. 
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Figure 2.14. 1H NMR spectrum of digested 1. The peaks corresponding to 
H4TCPP (n) and DPB-BI (*) are labeled. The inset shows the electrospray 
ionization mass-spectrum of digested 1. 
 
Preparation of 1¢ (Zn2(ZnTCPP)(DPB-BI)0.64(DEF)0.36]·(DEF)6.94(H2O)12.55, 
Zn3С99.86H142.2N13.86O24.97) 
In a 1 dram vial, Zn2(ZnTCPP) (0.010 g, 0.0097 mmol) was added into a solution 
of DPB-BI (0.040 g, 0.097 mmol) in 3 mL DEF. After 2 days, the mother liquor was 
replaced with fresh DEF to remove any excess of DPB-BI ligand. The described 
procedure was repeated five times to thoroughly wash away any residual ligand. As a 
result, the red square plate-crystals of 1¢ (5.80 mg, 0.0027 mmol) were isolated in 28% 
yield.  
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IR (neat, cm–1): 3473, 2975, 2938, 2877, 1754, 1721, 1660, 1560, 1431, 1399, 
1364, 1307, 1262, 1216, 1153, 1109, 1072, 1009, 994, 943, 914, 872, 822, 795, 773, 720, 
711, 641, 609 (Figure 2.15).  
A combination of 1H NMR spectroscopy of digested 1¢ (Figure 2.19) and 
elemental analysis was used to establish the formula of 1’. As in the case of 1, the three-
dimensional framework 1¢ is assembled from two-dimensional layers pillared by DPB-BI 
molecules, and therefore, both 1 and 1¢ are made from paddlewheel shaped Zn2(O2C–)4 
secondary building units (Figure 2.17).  
According to single-crystal X-ray studies, the structures of 1 and 1¢ have the same 
a and b unit cell parameters but different c parameter, which depends on the layer 
alternation as shown in Figures 2.10 and 2.16. As in the case with 1, PXRD studies were 
employed to study as-synthesized bulk of 1¢. Figure 2.18 demonstrates that the PXRD 
pattern of 1¢ matches the pattern simulated based on the unit cell parameters determined 
by the single-crystal X-ray crystallography and molecular structure of DPB-BI (Figures 1 
and 2.7).  
The PXRD analysis also revealed that crystallinity of bulk two-dimensional 
Zn2(ZnTCPP) is preserved after the DPB-BI insertion. Similar to 1, three-dimensional 1¢ 
start rapidly losing solvent starting at the 25–100 °C temperature range according to 
thermogravimetric analysis (Figure 2.16). 
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Figure 2.15. FT-IR spectrum of 1¢. 
 
 
Figure 2.16. Thermogravimetric analysis plot of 1¢. 
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Figure 2.17. a) A secondary building unit, Zn2(O2C-)4, in 1¢. b) A 
fragment of the structure 1’ shows ZnTCPP4– ligand bridging the 
secondary building units Zn2(O2C-)4. c) The X-ray crystal structure of 1¢. 
Green sphere represents imidazolinone part. Orange, red, blue, and gray 
spheres represent Zn, O, N, and C atoms, respectively. Hydrogen atoms 
are omitted for clarity. 
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Figure 2.18. PXRD patterns 
of 1¢: experimental (purple) 
and simulated (black) with 
preferential orientation along 
101 direction. 
 
 
 
Figure 2.19. 1H NMR spectrum of digested 1¢. The peaks 
corresponding to H4TCPP (n) and DPB-BI (*) are labeled. 
The inset shows the electrospray ionization mass-spectrum of 
digested 1¢. 
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Digestion procedure of 1 and 1¢ 
(decomposition of 1 and 1¢ in the presence of acid). To study the composition of 1 
and 1¢ by 1H NMR spectroscopy, a solution of 500 µL DMSO and 3 µL of concentrated 
hydrochloric acid was added to 5 mg of 1 (or 1¢), followed by sonication until complete 
sample dissolution. For mass-spectrometry analysis, the washed crystals of 1 (or 1¢) were 
dissolved in 500 µL of chloroform by the addition of 3 µL of concentrated HCl. After 
solvent removal under reduced pressure, the obtained powder was subjected to mass-
spectrometry analysis. The spectroscopic studies of digested 1 and 1¢ are shown in Figure 
2.14 and Figure 2.19, respectively. 
Preparation of BI@2 
In a 20 ml vial, Pb2(TCPP)·4DMF (0.01 g, 0.0067 mmol) was added to a 1.5 mL 
DMF solution of BI (0.01 g, 0.050 mmol). After 3 days of stirring, the obtained brown 
powder was isolated and washed with DMF to remove residual BI molecules. IR (neat, 
cm–1): 3311, 2920, 2212, 2195, 2162, 2114, 2062, 2050, 2036, 2024, 2016, 1988, 1966, 
1937, 1649, 1604, 1576, 1499, 1385, 1224, 1178, 1096, 1018, 982, 965, 870, 846, 825, 
798, 771, 715, 697, and 661. To determine the composition of the isolated compound, 
BI@2 was digested using hydrochloric acid. Mass-spectrometry analysis (ESI MS) of the 
digested BI@2 indicated the presence of porphyrin-based ligand (791 m/z, [TCCP+H]+) 
and the BI molecule (201 m/z, [BI+H]+). The thermogravimetric analysis plot, 1H NMR 
spectra of the digested sample, and PXRD pattern are shown in Figures 2.20, 2.21 and 
2.2, respectively. Single-crystal X-ray data of 2 is shown in Table 2.2 and Figure 2.6. 
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Figure 2.20. Thermogravimetric 
analysis plot of BI@2. 
 
 
 
Figure 2.21. 1H NMR spectrum of digested BI@2. The peaks corresponding to 
H4TCPP (n) and BI (*) are labeled. 
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X- ray crystal structure determination. 
DPB-BI (C24H20N4O3). X-ray intensity data from a colorless crystal was collected 
at 100(2) K using a Bruker D8 QUEST diffractometer equipped with a PHOTON 100 
CMOS area detector and an Incoatec microfocus source (Mo Kα radiation, λ = 0.71073 
Å). 53 The raw area detector data frames were reduced and corrected for absorption 
effects using the SAINT+ and SADABS programs.53 Final unit cell parameters were 
determined by least-squares refinement of 9849 reflections taken from the data set. The 
structure was solved by direct methods with SHELXT.54 Subsequent difference Fourier 
calculations and full-matrix least-squares refinement against F2 were performed with 
SHELXL-201454 using OLEX2.54 
The compound crystallizes in the monoclinic system. The pattern of systematic 
absences in the intensity data was consistent with the space groups Cc and C2/c; intensity 
statistics indicated an acentric structure. The space group Cc was eventually confirmed 
by structure solution and checked with ADDSYM, which found no missed symmetry 
elements.56 The asymmetric unit consists of one molecule. All non-hydrogen atoms were 
refined with anisotropic displacement parameters. Hydrogen atoms were located in 
difference maps before being placed in geometrically idealized positions and included as 
riding atoms. The largest residual electron density peak in the final difference map is 0.17 
e/Å3, located 0.69 Å from C8. Because of the absence of heavy atoms in the crystal, the 
absolute structure was not determined. The crystallographic data for DPB-BI is shown in 
Table S1. 
DPB-CHO (C17H12N2O). X-ray intensity data from a colorless blocky crystal was 
collected at 100(2) K using a Bruker D8 QUEST diffractometer equipped with a 
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PHOTON 100 CMOS area detector and an Incoatec microfocus source (Mo Kα radiation, 
λ = 0.71073 Å).53 The raw area detector data frames were reduced and corrected for 
absorption effects using the SAINT+ and SADABS programs.53 Final unit cell 
parameters were determined by least-squares refinement of 9790 reflections taken from 
the data set. The structure was solved by direct methods with SHELXT.54 Subsequent 
difference Fourier calculations and full-matrix least-squares refinement against F2 were 
performed with SHELXL-201454 using OLEX2.54 
The compound crystallizes in the triclinic system. The space group P  1 (No. 2) 
was determined by structure solution. The asymmetric unit consists of two 
crystallographically independent but chemically identical molecules. All non-hydrogen 
atoms were refined with anisotropic displacement parameters. Hydrogen atoms were 
located in difference maps before being included as riding atoms. The largest residual 
electron density peak in the final difference map is 0.41 e/Å3, located 0.67 Å from C2B. 
The crystallographic data for DPB-CHO are shown in Table S1. 
BI (C24H26N4O3). X-ray intensity data from a pale yellow needle crystal were 
collected at 100(2) K using a Bruker D8 QUEST diffractometer equipped with a 
PHOTON 100 CMOS area detector 53 and an Incoatec microfocus source (Mo K  
radiation, λ = 0.71073 Å). The raw area detector data frames were reduced and corrected 
for absorption effects using the SAINT+ and SADABS programs.53 Final unit cell 
parameters were determined by least-squares refinement of 4067 reflections taken from 
the data set. The structure was solved by direct methods with SHELXS.54 Subsequent 
difference Fourier calculations and full-matrix least-squares refinement against F2 were 
performed with SHELXL-2014 using OLEX2.54 
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The compound crystallizes in the orthorhombic system. The pattern of systematic 
absences in the intensity data was consistent with the space group Fdd2, which was 
verified by structure solution. The compound is a hemihydrate. The asymmetric unit 
consists of one C12H12N2O molecule and (formally) half of one water molecule, which is 
located on a crystallographic two-fold axis of rotation. All non-hydrogen atoms were 
refined with anisotropic displacement parameters. Hydrogen atoms bonded to carbon 
were located in difference maps before being placed in geometrically idealized positions 
and included as riding atoms. The one unique water hydrogen atom was located in a 
difference map and its position refined subject to a d(O-H) = 0.85(2) Å restraint, and 
Uiso,H = 1.5Ueq,O. The largest residual electron density peak in the final difference map is 
0.22 e/Å3, located 0.64 Å from C3. Because of the absence of heavy atoms in the crystal, 
the absolute structure could not be determined. 
[Zn2(ZnTCPP)(DPB-BI)0.86(DMF)1.14]·(DMF)8.86(H2O)20 
(Zn3C122.06H49.18N8.58O11.72·(C3H7NO)8.86(H2O)20, 1). X-ray intensity data from a 
red blade of 1 were collected at 150 K on a D8 goniostat equipped with a Bruker 
PHOTON100 CMOS detector at Beamline 11.3.1 at the Advanced Light Source 
(Lawrence Berkeley National Laboratory) using synchrotron radiation tuned to λ = 
0.7749 Å. For data collection frames were measured for a duration of 3 s at 0.5 intervals 
of ω. The data frames were collected using the program APEX2 and processed using the 
SAINT program routine within APEX2. The data was corrected for absorption and beam 
corrections based on the multi-scan technique as implemented in SADABS.56 The 
structures were solved by direct methods using SHELXS54 and refined against F2 on all 
data by full-matrix least squares as implemented in SHELXL-97.54 The DPB-HBI ligand 
(N2, N3, C21–C23, C31–C34, C41-C43) is disordered about the positions of C4v 
 50 
symmetry. N2, N3, C21, C31, C34, and C41 are located on the C4v elements. Four 
symmetry-related orientations of each pyridyl/phenyl ring were generated by symmetry: 
atoms C22/C23 are located on general positions and were refined isotropically with 1/4-
occupancy. Two independent orientations of rings '3' and '4' were refined: C32A/C33A 
and C42A/C43A are located on C2 axes and were refined with 1/8-occupancy. 
C32B/C33B and C42B/C43B are located on mirror planes and were also refined with 
1/8-occupancy. Disordered and partially occupied atoms were refined isotropically. Each 
ring was restrained with SHELX 'FLAT' instructions, and appropriate C–C and C–N 
distance restraints were applied. Atoms of the methyl (2-(4-ethylidene-2-methyl-5-oxo-
4,5-dihydro-1H-imidazol-1-yl)acetate of DPB-BI could not be located in difference maps 
due to its disorder over the 16 possible carbon atom points of attachment (C32A, C33A, 
C32B, C33B and symmetry-equivalents). For the final cycles, hydrogen atoms with full 
occupancy were placed on each carbon. Non-disordered atoms were refined 
anisotropically. Hydrogen atoms attached to the non-disordered atoms of both ligands 
were included in the model at geometrically calculated positions using a riding model. 
Due to partial occupancy of DPB-BI (and its possible free rotation inside the MOF 
cavities) and the disorder of the solvent molecules, which is very common in MOF 
structures,57 a large amount of spatially delocalized electron density in the pores of the 
lattice was observed. Acceptable refinement values could not be obtained for this electron 
density, and therefore, the best residual indices were obtained from a model for which the 
program SQUEEZE56 was used to account for the electron density in regions of high 
disorder.  
Pb2(TCPP)·4DMF (C48H26N4O8Pb2·4C3H7NO2, 2). X-ray intensity data from a 
dark red tablet crystal was collected at 100(2) K using a Bruker D8 QUEST 
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diffractometer equipped with a PHOTON 100 CMOS area detector and an Incoatec 
microfocus source (Mo Kα radiation, λ = 0.71073 Å).53 The raw area detector data frames 
were reduced and corrected for absorption effects using the SAINT+ and SADABS 
programs.53 Final unit cell parameters were determined by least-squares refinement of 
9478 reflections taken from the data set. The structure was solved by direct methods with 
SHELXT.54 Subsequent difference Fourier calculations and full-matrix least-squares 
refinement against F2 were performed with SHELXL-201454 using OLEX2.54 
The compound crystallizes in the monoclinic system. The pattern of systematic 
absences in the intensity data was consistent with the space group P21/c, which was 
confirmed by structure solution. The asymmetric unit consists of one lead atom located 
on a general position, half of one TCPP4– ligand located on a crystallographic inversion 
center, and two independent regions of disordered solvent species modeled as DMF 
molecules. One of the two independent carboxylate groups is disordered over two closely 
spaced positions, primarily affecting oxygen atom O4. If refined with a single average 
position, the O4 anisotropic displacement parameter becomes unrealistically prolate 
(U3/U1 = 19.4). The two disorder components (C25A/C25B, O4A/O4B) were each 
refined with 50% occupancy. Electron density peaks corresponding to reasonable 
positions for nitrogen-bonded protons were located in difference maps, near both N1 and 
N2. The populations of these hydrogen atoms were fixed at 0.5 for charge balance, and 
they were refined with a similar-distance restraint and Uiso,H = 1.5Ueq,O. Both disordered 
DMF volumes were modeled with three DMF components each, with the total DMF site 
population constrained to sum to unity. All DMF groups were restrained to adopt a 
similar geometry as the most highly populated component (SHELX SAME instruction). 
All non-hydrogen atoms were refined with anisotropic displacement parameters except 
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for the disordered DMF atoms (isotropic). Hydrogen atoms bonded to carbon were 
located in difference maps before being placed in geometrically idealized positions and 
included as riding atoms. The largest residual electron density peak in the final difference 
map is 0.94 e/Å3, located 0.66 Å from H8SB, suggesting further DMF disorder. 
In the absence of interstitial DMF guests, the solvent-accessible cavity volume is 
calculated to be 1028.3 Å3, or 37.4% of the total unit cell volume. Trials using the 
Squeeze program computed 340 electrons per unit cell in these regions, in fair agreement 
with the reported disorder model (320 electrons).56 The crystallographic data for 2 are 
shown in Table S1.  
Fluorescence spectroscopy 
Steady-state emission spectra were acquired on an Edinburgh FS5 fluorescence 
spectrometer equipped with a 150 W Continuous Wave Xenon Lamp source for 
excitation. Emission measurements on solid samples were collected on powders of the 
appropriate materials and placed inside a 0.5 mm quartz sample holder using the front-
facing module.  
An Ocean Optics JAZ spectrometer was also used to record the emission 
response. In this case, a mounted high-power 365 nm LED (M365L2, Thorlabs) was used 
as an excitation source. The epifluorescence microscopy images were collected on an 
Olympus BX51 microscope with a 120 W mercury vapor short arc excitation light 
source. Fluorescence lifetimes were measured using a Mini-τ lifetime spectrometer from 
Edinburgh Instruments equipped with a 365-nm picosecond-pulsed-light-emitting diode 
(EPLED 365). 
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Table 2.2. X-ray structure refinement data for DPB-CHOa, DPB-BIa, BIa, 1b, and 2a. 
compound DPB-CHO DPB-BI 1c 2 
formula C17H12N2O C24H20N4O3 C64H36N6O9Zn3 C60H54N8O12Pb2 
FW 260.29 412.44 1229.10 1493.49 
T, K 100(2) 100(2) 150(2) 100(2) 
crystal system triclinic monoclinic tetragonal monoclinic 
space group P1 Cc P 4/nmm P21/c 
Z 4 4 2 2 
a, Å 10.2984(8) 4.7554(4) 16.6502(10) 15.4532(7) 
b, Å 10.9495(9) 30.504(2) 16.6502(10) 6.8444(3) 
c, Å 12.9258(10) 14.0151(11) 26.070(2) 26.4050(12) 
α, ° 105.016(4) 90 90 90 
β, ° 108.794(4) 92.830(3) 90 100.301(2) 
γ, ° 100.374(4) 90 90 90 
V, Å3 1276.16(18) 2030.5(3) 7227.5(10) 2747.8(2) 
dcalc, g/cm
3 1.355 1.349 0.565 1.805 
µ, mm-1 0.086 0.091 0.652 6.192 
F(000) 544.0 864.0 1248.0 1460.0 
crystal size, 
mm3 
0.4×0.36× 
0.26 
0.36×0.16× 
0.10 
0.10×0.025× 
0.01 
0.08 × 0.04 × 
0.02 
theta range 4.364 to 
55.918 
5.342 to 
55.092 
2.069 to 
22.881 
4.474 to 
55.420 
 
index ranges 
–13 ≤ h ≤ 13 
–14 ≤ k ≤ 14 
–17 ≤ l ≤ 17 
–6 ≤ h ≤ 6 
–39 ≤ k ≤ 39 
–18 ≤ l ≤ 18 
–16 ≤ h ≤16 
–16 ≤ k ≤ 16 
–26 ≤ l ≤ 26 
–20 ≤ h ≤ 20 
–8 ≤ k ≤ 8 
–34 ≤ l ≤ 34 
refl. collected 45789 33846 87645 114234 
data/restraints/ 
parameters 
6103/0/362 4318/2/282 2210/36/147 6412/109/416 
GOF on F2 1.037 1.069 1.089 1.048 
Largest peak/ 
hole, e/Å3 
0.41/–0.21 0.17/–0.21 0.40/–0.99 0.94/–0.65 
R1/wR2, 
[I ≥ 2sigma(I)]d 
0.0405/0.1036 0.0331/0.0836 0.0558/0.1738 0.0210/0.0469 
a Mo-Kα (λ = 0.71073 Å) radiation; b synchrotron radiation (λ = 0.77490 Å); cFormula is given based on 
single-crystal X-ray data and does not include disordered solvent molecules (complete formula was determined based 
on 1H NMR spectroscopy and elemental analysis); dR1 = Σ||Fo| - |Fc||/ Σ |Fo|, wR2 = {Σ [w(Fo2-Fc2)2]/ Σ [w(Fo2)2]}1/2 
 
 54 
Fitting of fluorescence decays 
The fluorescence decays for DPB-BI, BI, DPB-BI-1 DPB-BI-1’, and BI@2 
shown in Figure 2.22–2.24 were fit with the triexponential function: 
 
where τ and B are lifetime and amplitude, respectively. 
The amplitude-weighted average fluorescence lifetimes were calculated based on 
the following equation: 
 
 B1 τ1, ns B2 τ2, ns B3 τ3, ns < τav>, ns 
DPB-BI 0.75 0.33 0.20 2.26 0.05 7.82 1.09 
DPB-BI-1 0.89 0.18 0.10 1.59 0.01 6.52 0.38 
DPB-BI-1’ 0.98 0.07 0.21 1.77 0.01 7.10 0.51 
BI 0.26 0.51 0.49 2.04 0.25 3.05 1.89 
BI@2 0.82 0.27 0.16 1.51 0.01 6.74 0.53 
 
Energy transfer efficiency, ΦET. Spectral overlap function, J. Förster radius, Ro. 
The energy transfer efficiency, ΦET were calculated using the following equation: 
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ΦET = ke / (kr +knr + ke) = ke / (ko + ke), (eq. 2.3) where kr, knr, and ke = radiative 
decay, non-radiative decay, and energy transfer constants, respectively. The ko and ke 
values were found from the lifetimes for donor molecule (τD) and donor molecule in the 
presence of acceptor (τD-A), which are τD = 1/ko and τD-A = 1/( ko+ ke), respectively. The 
spectral overlap function (J) was calculated from the experimental donor emission and 
acceptor absorption using the following equation: J = ∫f(λ)dλ, f(λ) = F(λ)ε(λ)λ4, 
where F(λ) is the donor emission spectrum normalized to unit area, and ε(λ) is the molar 
extinction spectrum of the acceptor (Figure 2.25). The calculated overlap function has 
been used for estimation of corresponding Förster critical radius (Ro), i.e., the distance at 
which ΦET is 50%: Ro (cm) = (8.79 × 10–25 × k2n–4Qd J)1/6,where Qd = kr × τD (kr = donor 
radiative rate), κ is an orientation factor, and n is the refractive index (Figure 2.26). 
Other physical measurements 
FT-IR spectra were obtained on a Perkin-Elmer Spectrum 100. NMR spectra were 
collected on Bruker Avance III-HD 300 and Bruker Avance III 400 MHz NM 
spectrometers R. The 13C and 1H spectra were referenced to natural abundance 13C peaks 
and residual 1H peaks of deuterated solvents, respectively. Powder X-ray diffraction 
patterns were recorded on a Rigaku Miniflex II diffractometer with accelerating voltage 
and current of 30 kV and 15 mA, respectively. Thermogravimetric analysis was 
performed on an SDT Q600 Thermogravimetric Analyzer using an alumina boat as a 
sample holder at a heating rate of 5 °C/min. A Waters QTOF-I quadrupole time-of-flight 
mass-spectrometer was used to record the electrospray ionization mass-spectra. Diffuse 
reflectance spectra were collected on a Perkin Elmer Lambda 45 UV/Vis spectrometer 
referenced to Spectralon®. 
 56 
  
 
Figure 2.22. (left) Fluorescence decays of DPB-BI-1 (donor 
lifetime in the presence of acceptor (τD-A), red) and DPB-BI 
(donor lifetime (τD), green). Black solid lines are fit to the 
decay according to eq. 2.1. (right) Fluorescence decays of 
DPB-BI-1’ (donor lifetime in the presence of acceptor (τD-A), 
red) and DPB-BI (donor lifetime (τD), green). Black solid lines 
are fit to the decay according to eq. 2.1. 
 
 
 
Figure 2.23. Fluorescence decays of BI 
(donor lifetime, green) and BI@2 (donor 
lifetime in the presence of acceptor, red). 
Black solid lines are fit to the decay 
according to eq. 2.1. 
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Figure 2.24. a) Förster analysis of 1 
illustrating the spectral overlap of 
H4TCPP acceptor and DPB-BI donor. 
Here, the spectral overlap function 
(dashed line, left vertical axis) is 
calculated for the measured emission 
spectrum of DPB-BI (solid green line, 
arbitrary scale) and the extinction 
spectrum of H4TCPP in ethanol (solid red 
line, right vertical axis). The spectral 
overlap integral J = ∫f(λ)dλ, controls the 
energy transfer rate. The spectral overlap 
integral was found to be 6.25 × 10−14 cm3 
M−1. The estimated Ro was found to be 
23.3 Å. b) Förster analysis of BI@2 
illustrating the spectral overlap of 
H4TCPP acceptor and BI donor. The 
spectral overlap integral was found to be 
4.57 × 10−14 cm3 M−1. The estimated Ro 
was found to be 21.0 Å. 
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In this chapter, a rigid scaffold imposes the photophysics of chromophores with a 
benzylidene imidazolidinone core by mimicking the β-barrel structure of the green 
fluorescent protein (GFP) and its analogs. The designed artificial frameworks maintain 
fluorescence responses and, therefore, conformational rigidity of typically non-emissive 
GFP-related chromophores. To replicate a small weight percent of the chromophore 
inside the natural GFP, two synthetic approaches were utilized: coordinative 
immobilization and non-coordinative inclusion. Despite low chromophore loading in the 
rigid matrix, both approaches resulted in formation of photoluminescent hybrid materials. 
Furthermore, the rigid scaffold dictates chromophore fluorescence by replicating its 
behavior in solution or the solid state. The presented results open an avenue for 
utilization of rigid scaffolds in the engineering of materials with tunable photo- 
luminescence profiles for a variety of practical applications. 
INTRODUCTION 
A commonly used biomarker, the green fluorescent protein, possesses a β-barrel 
structure with a covalently attached chromophore, 4-hydroxybenzylidene 
imidazolidinone (HBI), responsible for protein photoluminescence (Figure 3.1).1,2 One of 
the main challenges of mimicking the photophysical properties of natural GFP is to 
replicate β-barrel–HBI interactions, which are responsible for the suppression of non-
radiative energy dissipation pathways. Due to the lack of these interactions, chemically 
synthesized HBI-based analogs are exponentially (10−4) less emissive in solution 
compared to GFP.3 However, previous studies indicate the possibility to suppress the low 
energy vibrational modes of HBI-based chromophores through geometrical constriction 
or spatial confinement.4–10 Recently, we reported a first step towards maintaining photo-
 64 
 
Figure 3.1. (Top) Representations of the GFP 
with immobilized HBI and (bottom) the rigid 
porous scaffold 1 with the incorporated HBI 
chromophore. HBI molecules are depicted in 
green.  
 
physical properties of GFP-based chromophores by utilization of a metal–organic 
framework (MOF) as an artificial β-barrel.11 Since then, the discovered principles have 
been applied for the engineering of multi-chromophore scaffolds possessing a high 
efficiency of energy transfer.12 
Herein, we demonstrate that engineered rigid scaffolds containing coordinatively 
or non-coordinatively immobilized HBI in a small weight percent, replicating the low 
weight percent of chromophore in natural GFP systems, still maintain green 
photoluminescence. Therefore, as an alternative to the previously reported labor-intensive 
approach,11 a straightforward non-coordinative chromophore immobilization inside a 
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porous scaffold can also be applied for restoration of HBI emission. Furthermore, we 
show that the emission maxima in our artificial scaffolds are similar to those observed for 
the target fluorescent proteins. We also demonstrate that the rigid scaffold significantly 
impacts chromophore photophysics with strong dependence on chromophore structure. 
By consolidation of the experience gained from our previous findings11,12 and reported 
molecular systems,13–39 we have investigated the effect of different scaffold topology and 
chromophore loading on the photophysical properties of the prepared photoluminescent 
materials. We envision that the presented studies can potentially shed light on the 
utilization of the prepared materials in solid-state lighting, sensing, and engineering of the 
next generation of light-harvesting systems with a predesigned pathway for energy 
transfer. 
Results and discussion 
In the presented studies, two different approaches for HBI-based chromophore 
immobilization inside the rigid porous scaffold were utilized. The first approach focuses 
on inclusion of a chromophore inside the porous scaffold, while the second method 
involves modification of the chromophore core with carboxylic acid groups for metal 
coordination. The key findings of both approaches are presented below. 
Approach I: non-coordinative chromophore immobilization 
The HBI-based chromophores used for incorporation inside the framework were 
chosen based on their photoluminescence profiles in order to cover a wide emission range 
and, therefore, mimic emission responses of a variety of fluorescent proteins currently in 
use in biology.40 As a result, we have prepared five chromophores, 5-benzylidene-2,3-
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dimethyl-3,5-dihydro-4H-imidazol-4-one (BI to mimic EBFP2 emission), 2,3-dimethyl-
5-(4-methylbenzylidene)-3,5-dihydro-4H-imidazol-4-one (pMBI – TagBFP), HBI (GFP), 
5-(2-hydroxybenzylidene)-2,3-dimethyl-3,5-dihydro-4H-imidazol-4-one (oHBI–mRuby), 
and 5-(2-hydroxy-5-methoxybenzylidene)-2,3-dimethyl-3,5-dihydro-4H-imidazol-4-one 
(MeO-oHBI–mPlum); the emission maxima of the corresponding fluorescent proteins 
vary in a 440–650 nm range (the chromophore structures are shown in Figure 3.2).40–44 
The host for non-coordinative chromophore immobilization was chosen based on the 
following criteria: (i) sufficient pore aperture for chromophore inclusion, (ii) absence of 
emission from the host to prevent interference with the photo- luminescence response of 
the immobilized chromophore, and (iii) host metal nodes which preferably contain d0 or 
 
Figure 3.2. (Top) Normalized emission spectra of 
BI@1 (purple), pMBI@1 (blue), MeO-oHBI@1 (light 
green), HBI@1 (dark green), and oHBI@1 (orange). 
(bottom) Photographs of the materials under UV 
irradiation (λex = 365 nm).  
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d10metals to impede fluorescence quenching. The framework Zn3(BTC)2 (1, BTC = 
benzene-1,3,5-tricarboxylate, Figure 3.1)45 satisfies all three criteria. The pore sizes in 
three-dimensional 1 are 10.8 and 11.5 Å, which are suitable for chromophore 
incorporation. The framework 1 is not emissive (λex = 360 nm), as shown in Figure 3.3, 
and therefore, it will not impact the chromophore emission profile. Finally, 1 possesses 
Zn2(O2C–)4 metal nodes, which satisfy the need for d0 or d10 metal centers. 
Synthesis of 1 was carried out by heating zinc nitrate and H3BTC in N,N-
dimethylformamide (DMF) at 70 °C for 4 days. The synthesized framework 1 then 
underwent comprehensive characterization by single-crystal and powder X-ray 
diffraction, thermogravimetric analysis, and FT-IR spectroscopy (Figure 3.1). Non-
coordinative immobilization was performed through either solvothermal preparation of 1 
in the presence of the corresponding chromophore or stirring 1 in a saturated 
chromophore solution. After chromophore immobilization inside 1, powder X-ray 
diffraction (PXRD) was employed to confirm preservation of scaffold integrity. 
To replicate the low weight percent of HBI-based chromophores in the natural 
GFP (0.01 wt%), we intentionally focused on a low chromophore loading. Figure 3.3 
demonstrates inclusion of non-emissive HBI inside of non-emissive 1, which resulted in 
formation of a green fluorescent material, HBI@1 (0.19 wt% of HBI). Thus, non-
emissive HBI in the solid state4 recovered its fluorescence upon immobilization within 1. 
Therefore, our scaffold, 1, acts as a β-barrel mimic for the HBI molecule. 
Loadings of the other chromophores after incorporation into 1 were found to be 
0.09, 0.05, 0.14, and 0.21 wt% for BI, pMBI, oHBI, and MeO-oHBI, respectively (see 
the Experimental section for more details). These chromophores, after non-coordinative 
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immobilization in the rigid scaffold, exhibited emission ranging from blue to yellow, as 
shown in Figure 3.2. Specifically, the emission maxima of BI@1, pMBI@1, and 
oHBI@1 are 449, 463, and 599 nm, mimicking the photoluminescence maxima of 
EBFP2 (448 nm),40 TagBFP (457 nm),40 and mRuby (605 nm),40 respectively. However, 
the emission profile of MeO-oHBI inside 1 is completely different from the fluorescence 
response of the target protein, mPlum (λmax = 649 nm),40 as well as fluorescence of MeO-
oHBI in the solid state (λmax = 649 nm, Figure 3.4). In contrast to solid-state emission, 
immobilization of MeO-oHBI inside scaffold 1 resulted in green photoluminescence, 
similar to the solution spectra for other o-hydroxy chromophores with electron-donating 
groups.8 Figure 3.4 demonstrates a drastic hypsochromic shift of the MeO-oHBI emission 
maximum from 649 nm, observed in the solid state, to 525 nm, detected in the MOF  
 
 
Figure 3.3. Normalized diffuse reflectance (- - -) 
and emission (—) spectra of 1 (blue), HBI (red), 
and HBI@1 (green) (λex = 360 nm). The inset 
shows photographs of non-emissive 1 and HBI 
and fluorescent HBI@1 (λex = 360 nm). 
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matrix. Notably, the parent scaffold 1 is non-emissive; therefore, observed emission can 
only come from the incorporated chromophore. 
The significant red shift of MeO-oHBI emission in comparison with HBI has been 
primarily attributed to the excited state intramolecular proton transfer between the 
hydroxyl group and imidazolinone nitrogen (Figure 3.5) and the strong electron donating 
capability of the methoxy group.43,46–48 Given this data, it was reasonable to expect that 
MeO-oHBI@1 should exhibit a red sift in comparison with HBI@1. However, as stated 
above, MeO-oHBI@1 emits in the green region (λmax = 525 nm) and has a very similar 
fluorescence maximum to HBI@1 (λmax = 531 nm). It is well known that the HBI 
chromophore becomes highly polarized in the excited state due to proton transfer to 
adjacent amino acids within the protein, and therefore, emission of HBI derivatives  
 
 
Figure 3.4. Normalized diffuse reflectance (- - -) 
and emission (—) spectra of MeO-oHBI (red) and 
MeO-oHBI@1 (green) (λex = 360 nm). The inset 
shows photographs of MeO-oHBI and MeO-
oHBI@1 (λex = 365 nm). 
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Figure 3.5. (a) The excited-state intramolecular proton 
transfer in MeO-oHBI. (b) and (c) Two views of 
molecular packing in the MeO-oHBI crystal structure. 
The distance between centroids of phenyl and 
imidazolinone rings is 3.58 Å. 
 
strongly depends on environment polarity.49–53 Indeed, a solvatochromic effect has been 
previously observed for HBI and 5-(3-methoxybenzylidene)-2,3-dimethyl-3,5-dihydro-
4H-imidazol-4-one (MeO-BI), showing that the emission maxima strongly depend on 
solvent polarity.52 To study the possible influence of the surrounding environment on the 
photoluminescence of MeO-oHBI, its emission was acquired as a function of solvent 
polarity. As a result, it was found that MeO-oHBI does exhibit a solvatochromic effect 
correlating with the solvent polarity. The observed trend was such that decreasing of 
solvent polarity resulted in a hypsochromic shift of the emission profile, which is 
consistent with previous data in solution for HBI-based chromophores with meta-
substituted electron donating groups.54 However, all solution spectra of MeO-oHBI were 
blue-shifted in excess of 130 nm, in comparison with the solid-state emission (λmax = 649 
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nm). It was therefore pertinent to look at the crystal structure of MeO-oHBI for further 
structural insights into this difference. 
The red shift of the emission profile for HBI-based chromophores was previously 
attributed to electronic coupling due to π–π interactions of the phenyl rings in the solid 
state.4 For instance, this phenomenon was demonstrated for HBI-based chromophores 
containing electron-donating alkoxy groups.4 In solution, however, these derivatives emit 
in the green region, similar to MeO-oHBI. To correlate photophysical properties of MeO-
oHBI with molecular interactions in the solid state, single crystals of the chromophore 
suitable for X-ray diffraction were grown from a saturated DMF solution. Structural 
analysis revealed head-to-tail stacking of MeO-oHBI molecules, and the distance 
between centroids of the adjacent phenyl and imidazolinone rings was found to be 3.58 Å 
(Figure 3.5). Interestingly, these structural parameters are in line with the previously 
reported centroid distances observed in the molecular structure of MeO-BI,55 for which 
the solid-state emission maximum (560 nm)4 is also bathochromically shifted in 
comparison with the solution value (430 nm).55 Thus, non-coordinative immobilization 
of MeO-oHBI inside 1 led to isolation of individual chromophore molecules inside of the 
scaffold pores, thereby mimicking their behavior in solution. Indeed, the 
photoluminescence maximum of MeO-oHBI@1 (525 nm) is similar to the emission 
maximum of the chromophore in DMF solution (518 nm); this can be explained in part 
by a similar type of interaction between MeO-oHBI and DMF molecules both in solution 
and inside the scaffold pores. 
To summarize, a MOF matrix can be utilized to mimic intermolecular interactions 
observed in the natural protein, leading to restoration of chromophore emission, as clearly 
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demonstrated in a variety of HBI chromophores (vide supra). However, a MOF matrix 
impacts MeO-oHBI photophysical behavior such that the emission profile starts 
replicating chromophore behavior in solution rather than in the solid state; presumably, 
this occurs by disrupting typical π–π interactions that occur through packing and re-
establishing intermolecular interactions with the solvent molecules inside 1. 
Approach II: coordinative chromophore immobilization 
In the case of coordinative immobilization, we focused on incorporation of a 
small weight percent of a chromophore that differentiates the presented studies from our 
previous report.11 Moreover, in the presented work, we study the effect of spatial 
chromophore arrangement on the photoluminescent profile by changing the scaffold 
topology. Two routes have been employed for coordinative immobilization of the HBI 
core inside a rigid scaffold. The first route includes in situ formation of the HBI-based 
chromophore by post-synthetic modification (PSM)56 of a selected scaffold and, thereby, 
allows tuning of the chromophore load inside the parent scaffold (Figure 3.6). The 
framework Zn4O(BDC-CHO)3 (2, BDC-CHO2− = 2-formyl-biphenyl-4,4′-decarboxylate, 
Figure 3.6)11 was chosen as the host for in situ chromophore formation, due to 
appropriate pore size, presence of the reactive aldehyde group for chromophore 
preparation, and structural stability, i.e., the scaffold can undergo postsynthetic 
modification without degradation. 
In situ preparation of the HBI-based chromophore was per- formed by reaction of 
the aldehyde group in the BDC-CHO2− linker with methyl-2-((1-
ethoxyethylidene)amino)acetate for 4 h at room temperature, based on the previously 
developed procedure (Figure 3.6).11 For comprehensive characterization of the prepared 
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framework (2′), we employed a combination of powder X-ray diffraction, elemental 
analysis, and infrared spectroscopy, as well as comparison with the isoreticular single-
crystal X-ray structure of parent 2 (Figure 3.6)11 Furthermore, the digested sample 
(decomposed in the presence of hydrochloric acid) was analyzed by mass-spectrometry 
and 1H NMR spectroscopy. As a result, we found that the degree of conversion of BDC-
CHO2− to BDC-BI2− was 5%. Notably, PXRD analysis of the MOF revealed preservation 
of framework crystallinity after in situ chromophore formation. 
 
 
Figure 3.6. (a) Synthetic routes for coordinative 
immobilization of BDC-BI2− and preparation of 2′ and 
3. (b) and (c) Fragments of the X-ray crystal structures 
of the parent structure 2 (isoreticular to 2′)11 and the 
parent structure UiO-67 (isoreticular to 3).56 Orange, 
blue, red and grey spheres represent Zn, Zr, O, and C 
atoms, respectively. The green spheres are schematic 
representation of the proposed location for the 
imidazolinone part of the BDC-BI2− linker. Hydrogen 
atoms are omitted for clarity. (d) and (e) Normalized 
diffuse reflectance (- - -) and emission (—) of 2′ and 3 
respectively. 
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In contrast to the first method, the second synthetic procedure focuses on 100% 
chromophore incorporation by its coordination to zirconium ions, i.e., building a scaffold 
from chromophore linkers using a solvothermal approach. For that, the HBI core was 
derivatized with two anchor groups for metal coordination to prepare 2-((1-(2-methoxy-
2-oxoethyl)-2-methyl-5-oxo-1,5-dihydro-4H-imidazol-4-ylidene)methyl)-[1,1′-biphenyl]- 
4,4′-dicarboxylic acid (H2BDC-BI, Figure 3.6).11 The reaction of H2BDC-BI with ZrCl4 
at 120 °C for 72 h led to the formation of novel Zr6O4(OH)4(BDC-BI)6 (3). Framework 3 
then underwent comprehensive characterization by powder X-ray diffraction, 
thermogravimetric analysis, and FT-IR spectroscopy (Figure 3.6). As expected from 
similarity of the synthetic procedures, the PXRD analysis revealed that framework 3 is 
isoreticular to a known scaffold, UiO-67.57 Therefore, in contrast to 2′, which consists of 
Zn4O(O2C–)6 secondary building units (SBUs) bridged by up to three linkers, framework 
3 includes Zr6O4(OH)4 nodes bridged by four BDC-BI2− linkers (Figure 3.6). Thus, 
scaffold 3 offers a significant difference in chromophore arrangement and SBU geometry 
in comparison with 2′. 
To study photophysical properties of prepared 2′ and 3 with immobilized BDC-
BI2−, diffuse reflectance and fluorescence spectroscopy were employed. As shown in 
Figure 3.6, 2′, with a coordinatively immobilized chromophore, exhibits green emission 
with a maximum of 490 nm (λex = 360 nm), which is 50 nm bathochromically shifted in 
comparison with parent 2. 
Therefore, despite a low content of BDC-BI2− inside of 2′, the scaffold with 
immobilized BDC-BI2− still displays similar emission to the previously reported 
framework, which contains a high chromophore load.11 Interestingly, the slightly 
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broadened photoluminescence profile of 3 possesses the exact same emission maximum 
as 2′ (λex = 360 nm). Thus, despite the significant differences in the spatial arrangement 
of chromophores and the geometry of the metal SBU in 2′ vs. 3, the photophysical 
properties remained similar to those of the natural GFP with emission maxima of 500 
nm. Thus, the presented work demonstrated preservation of HBI-based chromophore 
emission inside a rigid scaffold, presumably through restriction of chromophore 
dynamics, which led to effective suppression of low-energy excited-state nonradiative 
pathways. In depth studies, which can shed light on the possible mechanism of 
chromophore photoluminescence and its correlation with structural scaffold features, are 
underway. 
Conclusion 
The forgoing results demonstrate the key role of the hybrid scaffold on 
influencing the photophysical behavior of HBI- based chromophores. It was shown that a 
MOF matrix could be utilized for non-coordinative inclusion of the non-emissive HBI 
chromophore to restore its emission profile. Moreover, the prepared green fluorescent 
material, HBI@scaffold, exhibits a photoluminescence response similar to the natural 
GFP-based systems. Furthermore, the attempts to decrease chromophore loading in 1, 
and, therefore, replicate the small weight percent of the chromophore inside the natural 
GFP, were successful and resulted in preservation of fluorescence. In the example of the 
five chromophores possessing the BI core, we also showed that the rigid scaffold allows 
replicating chromophore behavior not only in the solid state (e.g., BI) but also in solution 
(MeO-oHBI). These counterintuitive findings clearly demonstrate a crucial role of the 
MOF matrix on chromophore photo- luminescence and, therefore, open an avenue 
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towards utilization of rigid scaffolds in the engineering of materials with tunable 
photoluminescence profiles for a variety of practical applications. 
EXPERIMENTAL SECTION 
Materials 
Zinc nitrate hexahydrate (technical grade, Ward’s Science), 1,3,5-
benzenetricarboxylic acid (98%, Alfa Aesar), N,N-dimethylformamide (ACS grade, 
BDH), benzaldehyde (98%, Alfa Aesar), 4-methylbenzaldehyde (99+%, Acros Organics), 
4-hydroxybenzaldehyde (99.8%, Chem-Impex International Inc.), salicylaldehyde (99%, 
Alfa Aesar), 2-hydroxy-5-methoxy-benzaldehyde (95%, Oxchem), glycine methyl ester 
hydrochloride (98%, Acros Organics), diethyl ether (ACS grade, J. T. Baker® 
Chemicals), ethyl acetimidate hydrochloride (97%, Alfa Aesar), potassium carbonate 
(ACS grade, BDH), methyl-amine solution (33% in absolute ethanol, Aldrich), glacial 
acetic acid (ACS grade, BDH), ethanol (Decon Laboratories, Inc.), N,N-
diethylformamide (>99%, TCI America), 4-bromo-3-methyl benzoic acid methyl ester 
(99.1%, Chem-Impex Inter- national Inc.), 4-carboxyphenylboronic acid (99.5%, Chem- 
Impex International Inc.), chromium(VI) oxide (99.9%, Sigma-Aldrich), sulfuric acid 
(ACS grade, Fischer Scientific), methanol (ACS grade, Fischer Scientific), trans-
dichlorobis(triphenylphosphine)palladium(II) (99%, Strem Chemicals), sodium 
hydroxide (ACS grade, Macron Fine Chemicals), acetic anhydride (99.63%, Chem-
Impex International Inc.), hydrochloric acid (ACS grade, Fischer Scientific), 4-
carboxyphenylboronic acid (99.5%, Chem-Impex International Inc.), trifluoroacetic acid 
(99%, Aldrich), zirconium(IV) chloride (99.5%, Alfa Aesar), and DMSO-d6 (Cambridge 
Isotopes) were used as received. 
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The compounds 5-benzylidene-2,3-dimethyl-3,5-dihydro- 4H-imidazol-4-on 
(BI),44 2,3-dimethyl-5-(4-methylbenzylidene)-3,5-dihydro-4H-imidazol-4-one (pMBI),44 
5-(4-hydroxybenzylidene)-2,3-dimethyl-3,5-dihydro-4H-imidazol-4-one (HBI),44 5-(2-
hydroxybenzylidene)-2,3-dimethyl-3,5-dihydro-4H- imidazol-4-one (oHBI),44 methyl-2-
((1-ethoxyethylidene)amino)- acetate,58 2-((1-(2-methoxy-2-oxoethyl)-2-methyl-5-oxo-
1,5-dihydro-4H-imidazol-4-ylidene)methyl)-[1,1′-biphenyl]-4,4′-dicarboxylic acid 
(H2BDC-BI),11 and Zn4O(BDC-CHO)3 (2)11 were prepared according to the reported 
procedures.  
The chromophore 5-(2-hydroxy-5-methoxybenzylidene)-2,3-dimethyl-3,5 
dihydro-4H-imidazol-4-one (MeO-oHBI) was synthesized by adaptation of the literature 
procedure. 44 A methylamine solution (33% in ethanol, 3.78 g, 40.2 mmol) was added to 
2-hydroxy-5- methoxybenzaldehyde (0.610 g, 4.01 mmol), and the resulting solution was 
stirred for 16 h at room temperature. Methyl-2-((1-ethoxyethylidene)amino)acetate 
(0.830 g, 5.22 mmol) and a catalytic amount of acetic acid (40.0 mg, 0.700 mmol) were 
added after 16 h, and the resulting mixture was stirred vigorously for additional 6 h at 
room temperature. The obtained orange precipitate was collected by filtration and washed 
with water and diethyl ether. After drying under vacuum, MeO-oHBI (0.780 g, 3.17 
mmol) was isolated in 79% yield. The NMR data match the reported spectra. 1H NMR 
(DMSO-d6, 300 MHz): δ = 2.36 (3H, s), 3.11 (3H, s), 3.70 (3H, s), 6.80 (1H,d, J = 9Hz), 
6.91 (1H, dd, J = 9 Hz, 3 Hz), 7.22 (1H, s), 7.88 (1H, d, J = 3 Hz) (Figure 3.7). 13C NMR 
(DMSO- d6, 400 MHz): δ = 15.74, 26.87, 55.94, 117.46, 117.83, 119.72, 121.04, 122.17, 
136.70, 152.37, 162.94, 169.35 (Figure 3.7). HRMS (ESI, m/z) calculated for 
C13H14N2O3 [M+H]+ 247.1083, found 247.1069. Single-crystal X-ray data of MeO-oHBI 
is shown in Table 3.1 and Figure 3.5. 
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Figure 3.7. 1H NMR (top) and 13C NMR (bottom) spectra of synthesized MeO-
oHBI. 
X-ray Structure Determination of MeO-oHBI (C13H14N2O3). 
X-ray intensity data from an orange block were collected at 100(2) K using a 
Bruker D8 QUEST diffractometer equipped with a PHOTON 100 CMOS area detector 
and an Incoatec microfocus source (Mo Kα radiation, λ = 0.71073 Å).59 The raw area 
detector data frames were reduced and corrected for absorption effects using the SAINT+ 
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and SADABS programs.59 Final unit cell parameters were determined by least-squares 
refinement of 9931 reflections taken from the data set. The structure was solved by direct 
methods with SHELXT.60 Subsequent difference Fourier calculations and full-matrix 
least-squares refinement against F2 were performed with SHELXL-201460 using 
OLEX2.61 
The compound crystallizes in the orthorhombic system. Intensity statistics 
indicated an acentric structure. The pattern of systematic absences in the intensity data 
was consistent with the space groups Pnma and Pna21, the latter of which was confirmed 
by structure solution. The finished refinement was checked for missed symmetry using 
the ADDSYM program in PLATON, which found none.63–66 The asymmetric unit 
consists of one molecule. All non-hydrogen atoms were refined with anisotropic 
displacement parameters. Hydrogen atoms bonded to carbon were located in difference 
maps before being included as standard riding atoms. The hydroxyl hydrogen H2 was 
located in a difference map and refined freely. The largest residual electron density peak 
in the final difference map is 0.35 e/Å3, located 0.69 Å from C8. Because of the absence 
of heavy atoms in the crystal, the absolute structure could not be reliably determined; 
however the Flack parameter67 at convergence was 0.02(18), suggesting the correct 
orientation of the polar axis has been assigned. 
Synthesis of 1 (Zn6(BTC)4(H2O)3(DMF)3)·2(H2O)·4.7(DMF) 
Preparation of 1 was performed using a slightly modified literature procedure.45 In 
a 20 mL vial, Zn(NO3)2·6H2O (0.074 g, 0.25 mmol) and H3BTC (0.053 g, 0.25 mmol) 
were sonicated in 10 mL DMF for 10 min. The resulting solution was heated at 70 °C for 
4 days. The colorless crystals of 1 (0.045 g, 0.024 mmol) were isolated in 89% yield. IR 
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(neat, cm−1): 2933, 1631, 1589, 1496, 1436, 1417, 1367, 1253, 1097, 1062, 942, 863, 
763, 720, 689, and 659. The single crystal X-ray data for 1 are shown in Table 3.1 and 
Figure 3.8. Figures 3.9–11 show the PXRD pattern, thermogravimetric analysis plot, and 
FT-IR spectrum of 1, respectively. 
X-ray Structure Determination of 1 (Zn6(BTC)4(H2O)3(DMF)3) 
2(H2O)·4.7(DMF) 
X-ray intensity data from a colorless prism were collected at 100(2) K using a 
Bruker D8 QUEST diffractometer equipped with a PHOTON 100 CMOS area detector 
and an Incoatec microfocus source (Mo Kα radiation, λ = 0.71073 Å).59 The raw area 
detector data frames were reduced and corrected for absorption effects using the SAINT+ 
and SADABS programs.59 Final unit cell parameters were determined by least-squares 
refinement of 9322 reflections taken from the data set. The structure was solved by direct 
methods with SHELXT.60 Subsequent difference Fourier calculations and full-matrix 
least-squares refinement against F2 were performed with SHELXL-201460 using 
OLEX2.61 
The compound crystallizes in the cubic system. Indexing using the stronger 
reflections gave a face-centered cubic unit cell with a = 26.54 Å, V = 18689 Å3, 
consistent with the published data.6 Careful examination of the diffraction pattern showed 
many weaker reflections with indices of ca. 0.5, suggesting a doubling of the cubic a 
axis. Indexing with these weaker data included gave a cubic cell with a = 53.077(2) Å, V 
= 149530(18) Å3, maintaining the face- centered Bravais lattice. Systematic absences in 
the intensity data were consistent the space groups F-43c and Fm-3c. The 
centrosymmetric group Fm-3c (No. 226) was determined by be correct. The asymmetric 
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unit consists of three independent zinc atoms, two (Zn1 and Zn2) located on mirror 
planes and one (Zn3) located on a general position, one complete C9H3O6 ligand and 1/3 
of another C9H3O6 ligand situated about a three-fold axis of rotation, two water molecules 
located on mirror planes (coordinated to Zn1 and Zn2) and a DMF molecule coordinated 
to Zn3. The Zn2 unit formed by Zn3 and its symmetry-equivalent is located on a two-fold 
axis. A very large region of essentially featureless interstitial electron density was 
observed in the framework cavities. These are presumably a disordered mixture of water 
and DMF. The contribution of the disordered solvents to the structure factors was 
removed using the solvent-masking method in OLEX2.63 The solvent-accessible void 
volume was calculated to be 80129.6 Å3 (53.6% of the total unit cell volume), equivalent 
to 13233 electrons per unit cell. All non-hydrogen atoms were refined with anisotropic 
displacement parameters. Enhanced rigid- bond restraints (RIGU) were applied to the 
nitrogen-methyl carbon bonds of the DMF molecule, and to the Zn1/Zn2-water oxygen 
bonds. Both coordinated solvent species are likely affected by minor disorder. Despite the 
large size of the structure, hydrogen atoms bonded to carbon could be located in 
difference maps; they were included as riding atoms in the final cycles. The water 
hydrogens could not be located and were not calculated. The largest residual electron 
density peak in the final difference map is 0.73 e/Å3, located 1.07 Å from H15, consistent 
with minor DMF disorder. 
For comparison, solution with the smaller cubic cell (space group Fm-3m)68 gave 
better R- factors (R1 = 0.0415, wR2 = 0.1218 after solvent masking), but imposes disorder 
on the axially coordinated water and DMF molecules; the DMF molecules are not even 
resolvable. This solution gives one unique zinc center, effectively scrambling these axial 
ligands. The additional weaker reflections observed in the diffraction pattern of our 
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crystal arise from ordering of the water and DMF ligands, with water coordinated 
exclusively to the Zn1/Zn2 unit and DMF to the Zn3/Zn3* unit. The enlarged unit cell 
allows this solvent ordering to be resolved. 
 
 
Figure 3.8. (left) The Zn2(O2C–)4 secondary building unit in 1. (right) A part of the X-
ray crystal structure of 1. Orange, red and grey spheres represent Zn, O, and C atoms, 
respectively. Hydrogen atoms are omitted for clarity. 
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Table 3.1 X-ray structure refinement data for 1a and MeO-oHBIa. 
 
compound 1 MeO-oHBI 
formula b Zn6C45H39N3O30 C13H14N2O3 
FW 1494.01 246.26 
T, K 100(2) 100(2) 
crystal system cubic orthorombic 
space group Fm-3c Pna21 
Z 64 4 
a, Å 53.077(2) 13.5916(8) 
b, Å 53.077(2) 11.5913(7) 
c, Å 53.077(2) 7.3557(4) 
α, ° 90 90 
β, ° 90 90 
γ, ° 90 90 
3 
V, Å 149530(18) 1158.85(12) 
3 
dcalc, g/cm 1.062 1.411 
-1 
µ, mm 1.572 0.102 
F(000) 48000.0 520.0 
3 
crystal size, mm 
0.2×0.18× 
0.14 
0.48×0.4× 
0.18 
theta range 4.342 to 51.378 4.618 to 60.126 
 
index ranges 
–64 ≤ h ≤ 64 
–63 ≤ k ≤ 63 
–64 ≤ l ≤ 64 
–19 ≤ h ≤ 19 
–16 ≤ k ≤ 16 
–10 ≤ l ≤ 10 
refl. collected 422725 26712 
data/restraints/ 
parameters 6149/32/255 3398/1/171 
2 
GOF on F 1.065 1.064 
Largest peak/ 
3 
hole, e/Å 
0.73/-0.51 0.35/–0.27 
R1/wR2, 
[I ≥ 2sigma(I)]c 0.0709/0.2086 0.0334/0.0913 
a Mo-Kα (λ = 0.71073 Å) radiation 
b Formula is given based on single-crystal X-ray data and does not include disordered solvent molecules 
(complete formula was determined based on the elemental analysis) 
c R1 = Σ||Fo| - |Fc||/ Σ |Fo|, wR2 = {Σ [w(Fo2-Fc2)2]/ Σ [w(Fo2)2]}1/ 
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Figure 3.9. PXRD patterns of simulated 
(–––) and as-synthesized (–––) 1 with 
preferential orientation along the 001 
direction. 
 
 
Figure 3.10. Thermogravimetric analysis plot 
of 1. 
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Figure 3.11. FT-IR spectrum of 1. 
Synthesis of BI@1, pMBI@1, oHBI@1, and MeO-oHBI@1 
In a 20 mL vial, Zn(NO3)2·6H2O (0.074 g, 0.25 mmol) and H3BTC (0.053 g, 0.25 
mmol) were sonicated in 10 mL of DMF for 10 min. After addition of 0.50 mmol of the 
HBI-based derivative, the resulting solution was heated at 70 °C for 4 days. The obtained 
crystals were thoroughly washed with DMF to remove residual chromophore molecules. 
The amount of chromophore inclusion was quantified using calibration curves obtained 
from solutions with known concentrations by UV-vis spectroscopy. The PXRD patterns 
of the prepared materials are shown in Figure 3.12. 
Synthesis of 2′ (Zn4O(BDC-BI)0.05(BDC-CHO)0.95·2.7(DEF)· 0.1(DMF) 
The crystals of 211 (10 mg, 5.8 μmol) were soaked in methyl-2-((1-
ethoxyethylidene)amino)acetate (0.300 g, 0.0020 mmol) for 4 h at room temperature. The 
resulting yellow crystals were washed thoroughly with DMF to remove excess methyl-2-
((1-ethoxyethylidene)amino)acetate. The yellow crystals of 2′ were isolated in 80% yield. 
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To determine the degree of in situ-formed H2BDC-BI, obtained 2′ underwent digestion 
according to the previously developed procedure.11 1H NMR and negative ion 
electrospray mass spectra (NI ESI MS) of the digested 2′ showed the presence of both 
[BDC-CHO]2− and [BDC-BI]2− linkers inside the prepared scaffold (Figure 3.13). IR 
(neat, cm−1): 3439, 2932, 1654, 1604, 1546, 1498, 1385, 1254, 1093, 1061, 1006, 846, 
779, 713, 681, and 659. The PXRD pattern and FT-IR spectrum are shown in Figures 
3.14 and 3.15, respectively. The crystallographic data of parent isoreticular structure 211 
is shown in Figure 3.6 and 3.16. 
 
 
Figure 3.12. PXRD patterns of 1 
(black), BI@1 (blue), pMBI@1 
(purple), HBI@1 (green), oHBI@1 
(orange), and MeO-oHBI@1 (red). 
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Figure 3.13. 1H NMR spectrum of digested 2’ in DMSO-d6. The inset shows 
the negative ion electrospray ionization mass-spectrum (NI ESI MS) of 
digested 2’. The peaks corresponding to H2BDC-CHO (n) and H2BDC-BI 
(*) are labeled.  
 
 
 
Figure 3.14. PXRD patterns 
of simulated (–––) and as-
synthesized (–––) 2’. 
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Figure 3.15. FT-IR spectrum of 2’. 
 
 
Figure 3.16. (left) The Zn4O(O2C–)6 secondary building unit in 2 
(isoreticular to prepared 2’). (right) The Zr6O4(OH)4 secondary 
building unit in UiO-67 (isoreticular to prepared 3). Orange, blue, red, 
and grey spheres represent Zn, Zr, O, and C atoms, respectively. 
Hydrogen atoms are omitted for clarity. 
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Synthesis of 3 (Zr6O4(OH)4(BDC-BI)6·19(H2O)·0.1(DMF)·6.3(TFA)) 
In a 1 dram vial, ZrCl4 (3.0 mg, 0.013 mmol) and H2BDC-BI (5.5 mg, 0.013 
mmol) were sonicated in 1.8 mL of DMF for 10 min. After addition of 10 μL of 
trifluoroacetic acid (TFA), the resulting solution was heated at 120 °C for 3 days. After 
filtering and washing with DMF, 3 was isolated in 9% yield. IR (neat, cm−1): 3027, 1652, 
1600, 1409, 1199, 1135, 1022, 792, 773, and 720. The PXRD pattern, thermogravimetric 
analysis plot, and FT-IR spectrum are shown in Figures 3.17–3.19, respectively. The 
crystallographic data of parent isoreticular UiO-6757 are shown in Figures 3.6 and 3.16. 
 
 
Figure 3.17. PXRD patterns of 
simulated (–––) and as-synthesized 
(–––) 3. 
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Figure 3.18. Thermogravimetric analysis plot of 3. 
 
 
 
Figure 3.19. FT-IR spectrum of 3. 
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Synthesis of HBI@1 
To prepare HBI@1, 30 mg of 1 was added to 2 mL of DMF containing 100 mg of 
HBI and the mixture was stirred for 3 days at room temperature. The product was filtered 
and washed thoroughly with DMF. The amount of HBI was quantified using the 
calibration curves obtained from known concentrations of HBI by UV-vis spectroscopy 
(Figure 3.20). The PXRD patterns of 1 and HBI@1 are shown in Figure 3.12. 
 
 
 
Figure 3.20. HBI loading (wt%) in 1 calculated 
from the UV-vis calibration curve. 
 
Fluorescence spectroscopy 
Steady-state emission spectra were acquired on the Edinburgh FS5 fluorescence 
spectrometer equipped with a 150 W Continuous Wave Xenon Lamp source for 
excitation. Emission measurements were collected on powders of the appropriate 
materials and placed inside a 0.5 mm quartz sample holder using the front-facing module. 
An Ocean Optics JAZ spectrometer was also used to study the material 
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photoluminescence properties. In the latter case, a high-power 365 nm LED (M365L2, 
Thorlabs) was used as the excitation source.  
Other physical measurements 
	
FT-IR spectra were obtained on a Perkin-Elmer Spectrum 100. NMR spectra were 
collected on Bruker Avance III-HD 300 and Bruker Avance III 400 MHz NMR 
spectrometers. The 13C and 1H NMR spectra were referenced to natural abundance 13C 
peaks and residual 1H peaks of deuterated solvents, respectively. Powder X-ray 
diffraction patterns were recorded on a Rigaku Miniflex II diffractometer with 
accelerating voltage and current of 30 kV and 15 mA, respectively. Thermogravimetric 
analysis was performed on an SDT Q600 Thermogravimetric Analyzer using an alumina 
boat as the sample holder. A Waters QTOF-I quadrupole time-of-flight mass-
spectrometer was used to record the electrospray ionization mass-spectra. Diffuse 
reflectance mass spectra were collected on a Perkin Elmer Lambda 45 UV/Vis 
spectrometer.
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CHAPTER 4 
PHOTOPHYSICS, DYNAMICS, AND ENERGY TRANSFER IN RIGID MIMICS OF 
GFP-BASED SYSTEMS 
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Engineering of novel systems capable of efficient energy capture and transfer in a 
predesigned pathway could potentially boost applications varying from organic photo-
voltaics to catalytic platforms and have implications for energy sustainability and green 
chemistry. While light-harvesting properties of different materials have been studied for 
decades, recently, there has been great progress in the understanding and modeling of 
short-and long-range energy transfer processes through utilization of metal−organic 
frameworks (MOFs).  
In this chapter, the recent advances in efficient multiple-chromophore coupling in 
well-defined metal-organic materials through mimicking a protein system possessing near 
100% energy transfer are discussed. Utilization of a MOF as an efficient replica of a 
protein β-barrel to maintain chromophore emission was also demonstrated. Furthermore, 
we established a novel dependence of a photophysical response on an electronic 
configuration for chromophores with the benzylidene imidazolinone core. For that, we 
prepared 16 chromophores, in which the benzylidene imidazolinone core was modified 
with electron-donating and electron-withdrawing substituents.  
To establish the structure-dependent photophysical properties of the prepared 
chromophores, 11 novel molecular structures were determined by single-crystal X-ray 
diffraction. These findings allow one to predict the chromophore emission profile inside a 
rigid framework as a function of the substituent, a key parameter for achieving the 
spectral overlap necessary to study and increase resonance energy transfer efficiency in 
MOF-based materials. 
Energy transfer (ET) in a predesigned pathway is an emerging area of research, 
since these studies could significantly enhance energy utilization efficiency and, thereby, 
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drastically modify the existing energy and materials landscapes. For instance, recent 
studies of ET processes1−10 in crystalline metal−organic materials have already opened a 
novel avenue for a wide range of applications, including light-emitting diodes, organic 
photovoltaic devices, and sensors.1,3,5,11−22 Despite the fact that light harvesting and 
energy transfer in crystalline hybrid scaffolds has advanced from a hypothetical to a 
developing area of research, the current understanding of structural and mechanistic 
aspects elucidating a direction toward efficient ET in a predesigned pathway is still 
rudimentary. Due to their tunability, versatility, and modularity, metal-organic frame-
works (MOFs) represent a unique platform to model and study a large variety of ET 
processes.23 In general, there are several main advantages to MOF utilization for 
achieving directional ET. First, systematic tuning of ligand design and/or synthetic 
conditions allows one to achieve precise control of the photophysical properties. For 
instance, the molecular structure of the ligand (e.g., chromophore) and scaffold 
dimensionality could be altered to achieve the required spectral overlap between the 
coupled chromophores for efficient resonance ET.24 Second, due to the highly crystalline 
nature of MOFs, the distances between chromophores, their molecular conformations, 
and their mutual orientations can be determined by single-crystal X-ray diffraction. In 
contrast to amorphous polymeric assemblies, these structural insights open the possibility 
to study and model long-range ET processes.1,7 Third, since MOF synthesis is based on a 
self-assembly approach, it allows replication of the hierarchical organization of hundreds 
of chromophores for directional ET observed in the natural photosystem. Finally, the 
combination of porosity and structural modularity provides a unique opportunity to study 
different ET pathways based on organic linkers, metal nodes, and guest molecules, for 
instance, ligand-to-ligand, metal-to-metal, ligand-to-metal, and guest-to-host ET.1,6,7,23,25 
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To summarize, due to key advantages (vide supra), MOFs are one of the best classes of 
candidates for the development of multifunctional systems with desirable properties, such 
as high-efficiency ET. 
Recently, we have demonstrated a method for utilizing a MOF as a 
multifunctional system for efficient chromophore coupling to replicate the highly efficient 
ET (∼100%)26 achieved in the protein system consisting of a variant of the green 
fluorescent protein (EGFP) and cytochrome b562 (cytb562, Scheme 4.1).27 The major 
challenge in these studies was not only the achievement of a high efficiency of ET but 
also the replication of the EGFP photophysical response. Despite the fact that GFP-based 
systems are commonly used bio-markers,28,29 the chromophore responsible for GFP 
emission, 4-hydroxybenzylidene imidazolinone (HBI), is almost non-emissive outside of 
the protein environment.30−32 Therefore, the vast majority of chemically synthesized HBI-
based analogs are exponentially (10−4) less emissive in solution compared to GFP and its 
mutants.31 Thus, to maintain emission of HBI-based chromophores, the β-barrel-
chromophore interactions present in natural proteins must be replicated to restrict 
possible nonradiative decay pathways. Recent studies indicated the possibility to suppress 
the low-energy vibrational modes of HBI-based chromophores through their chemical 
modifica-tion.31,33−38 Thus, to develop a system possessing high efficiency of ET through 
coupling of donor−acceptor cores, we first developed a strategy to mimic β-barrel-
chromophore interactions by immobilization of the HBI-based molecules inside a porous 
tunable multifunctional scaffold, which dictates the chromophore molecular conformation 
and, thereby, its photophysics.39 We explored two distinct approaches to test the effect of 
chromophore immobilization inside the rigid crystalline MOF matrix. Figure 4.1  
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Scheme 4.1. (a and b) Schematic representation 
of ET between two coupled chromophores in a 
green fluorescent protein Variant (EGFP) and 
cytochrome b562 and (c) emission spectrum of a 
donor and absorption spectrum of an acceptor. 
The blue area indicates the spectral overlap of 
donor emission (solid green) and acceptor 
absorption (dashed red) necessary for Förster 
resonance ET. 
demonstrates the coordinative and noncoordinative strategies for immobilization of HBI-
based chromophores inside a MOF (these strategies are described in more detail 
below).To summarize, in this chapter, we discuss our recent efforts toward preparation of 
MOF-based systems with high efficiency of ET, as well as new studies of chromophore 
photophysics in HBI-based systems. In the Results and Discussion section, we report our 
new findings: preparation of a library of HBI-based chromophores to systematically tune 
the chromophore photoluminescence profile via alteration of the electron 
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donating/withdrawing substituents on the HBI core, and more importantly, photophysical 
insights on the changes to chromophore emission profiles inside the rigid matrix were 
gained. To ascertain the structure−photoluminescence properties relationship of the 
synthesized chromophores, 11 new molecular structures of chromophores were 
determined by single-crystal X-ray diffraction. Furthermore, to shed light on 
chromophore dynamics inside the rigid scaffold, we determined the barrier for Z/E 
chromophore isomerization in solution and compared its behavior to that in the confined 
environment of the rigid matrix. 
 
 
 
Figure 4.1. Coordinative and noncoordinative 
approaches for incorporation of chromophores with 
HBI cores inside a rigid scaffold. 
Coordinative Immobilization of HBI-based Chromophores Inside a MOF Matrix 
This approach was based on derivatization of the HBI core with anchors for 
subsequent metal coordination; for instance, we derivatized the HBI core with two 
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groups.39 There were two strategies for its coordinative immobilization inside the porous 
MOF. In the first strategy, the prepared compounds underwent solvothermal synthesis in 
the presence of the corresponding metal salts, while the second strategy focused on in situ 
preparation of the HBI-based chromophore inside the chosen scaffold.39 Remarkably, the 
obtained photoluminescence maxima of the prepared MOFs are comparable with those 
observed for the natural GFP and its mutants.40 Theoretical calculations combined with 
solid-state quadrupolar spin−echo 2H NMR spectroscopic studies also clearly revealed 
that coordinative immobilization of the chromophore inside the rigid scaffold has a 
significant impact on chromophore dynamics.39 Thus, coordinative immobilization of the 
HBI-based linkers inside the rigid MOF matrix led to restoration of chromophore 
response. Therefore, a MOF could be efficiently utilized to mimic GFP β-barrel behavior. 
Noncoordinative Immobilization of HBI-based 
In contrast to coordinative incorporation, noncoordinative immobilization is based 
on a simpler strategy, which does not require modification of the chromophore molecule 
with anchor groups.27,41 Similar to coordinative immobilization, tuning of the 
chromophore photoluminescence profile is necessary to achieve a better spectral overlap 
required for an increase in ET efficiency.24 To cover a wide emission range and, as a 
result, mimic emission responses of a variety of fluorescent proteins,42,43 we modified the 
HBI core with the groups shown in Figure 4.2. 
The choice of porous host (MOF) for incorporation was based on several criteria: 
(i) sufficient pore aperture for chromophore inclusion, (ii) absence of host emission to 
prevent interference with the fluorescence response from the incorporated chromophores, 
(iii) metal nodes consisting of d0 or d10 metals to prevent fluorescence quenching, and (iv)  
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Figure 4.2. (Top) Color palette of fluorescent 
proteins and the chromophores mimicking the 
emission profiles of the natural proteins. (Bottom) 
Normalized emission spectra of HBI-based 
chromophores incorporated inside a rigid scaffold, 
Zn3(BTC)2. 
preservation of scaffold crystallinity after guest inclusion. As previously shown, the 
framework Zn3(BTC)2 (BTC3− = benzene-1,3,5-tricarboxylate) satisfies all necessary 
criteria.41,44 As proposed, inclusion of nonemissive HBI inside of non-emissive 
Zn3(BTC)2 resulted in green fluorescence.41 Thus, noncoordinative immobilization of the 
chromophores inside the MOF matrix can also be utilized to mimic β-barrel chromophore 
interactions observed in the natural protein, leading to restoration of chromophore 
emission. 
Chromophore Coupling Inside the MOF Matrix 
After demonstrating that a MOF matrix can serve as a protein β-barrel mimic to 
restore HBI-based chromophore emission, we focused on chromophore coupling to 
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achieve high ET efficiency, as observed in the EGFP-cyt b562 system (Scheme 4.1).26 The 
choice of both donor and acceptor chromophores was dictated by the necessary overlap 
of the emission profile of the donor molecule (an HBI-based chromophore) with the 
absorbance profile of the acceptor molecules (porphyrin-containing chromophores).24 
Coordinative immobilization of the HBI-based chromophore was achieved through a 
stepwise procedure.27 The HBI-containing linker modified with two pyridyl groups 
(donor) was immobilized in already-prepared two-dimensional porphyrin-based layers 
(acceptor, Figure 4.3 through coordination of the pyridyl groups to zinc ions.27 In the 
second approach, the HBI-based chromophore was noncoordinatively incorporated into a 
three-dimensional porphyrin-based scaffold (Figure 4.3).27 
The photoluminescence studies showed a significant spectral overlap between 
HBI-based emission and the absorbance of porphyrin-containing acceptors, which is 
required to achieve resonance ET (Scheme 4.1). Based on time-resolved 
photoluminescence measurements in combination with theoretical calculations, both  
 
 
Figure 4.3. Approaches involved in the 
incorporation of HBI-and porphyrin-based cores 
inside the rigid scaffold. Approach a is based on 
coordinative immobilization. Approach b is based 
on noncoordinative inclusion of an HBI-based 
molecule in the porphyrin-based frame-work. The 
yellow arrows indicate energy transfer between 
HBI-and porphyrin-based chromophores. 
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approaches resulted in very high values for ET efficiency: 65% and 72% for coordinative 
and noncoordinative chromophore immobilization, respectively (Figure 4.3).27 
Remarkably, the obtained value for ligand-to-ligand ET efficiency is the highest value 
achieved so far between two distinct linkers in a MOF matrix.27 
Results and Discussion 
To achieve better overlap of HBI-based donor emission and acceptor absorption 
and, therefore, maximize ET efficiency in MOF-based materials, photoluminescence 
behavior of donors inside the rigid matrices should be determined. As previously shown, 
a MOF matrix can significantly alter chromophore photophysics.39,41 To study the effect 
of structural modification of the HBI core on the emission response of the chromophore 
inside the rigid framework, we prepared 16 chromophores shown in Figure 4.4. Among 
them, the ortho-hydroxy substituted chromophores (X-oHBI, R1 = OH in Figure 4.4) 
could exhibit excited-state intramolecular proton transfer (ESIPT, Figure 4.5),45−48 and 
more importantly, their photophysical properties could be systematically tuned through 
changing the strength of the electron donating/withdrawing substituents in the para 
position, relative to the hydroxyl group (R2 in Figure 4.4).46 To test this hypothesis, we 
prepared 10 ortho-hydroxy substituted chromophores, six of which are novel, with 
emission maxima in the solid state that range from 558 to 649 nm (the dotted lines in 
Figures 4.6). This significant red-shift in emission in contrast to their corresponding BI 
analogs (without presence of an ortho− OH group on the benzene ring) is commonly 
attributed to a seven-membered ring formed through an intramolecular hydrogen bond 
(OH···N) from which ESIPT takes place.45,48−50 Notably, emission of hydroxy-substituted 
chromophores strongly depends on the nature of the substituent in the para position 
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Figure 4.4. Prepared chromophores containing a 
benzylidene imidazolinone core. 
relative to the hydroxyl group; a pronounced blue shift in photoluminescence is observed 
as the electron-donating ability of the R2 group decreases (Figures 4.6).51,52 As clearly 
demonstrated in Figures 4.6, all photoluminescence maxima of X-oHBI (where X = NO2 
and EC, i.e., electron withdrawing groups (EWGs)) are hypsochromically shifted relative 
to X-oHBI (where X = MeO, Me, OH, and tBu, i.e., electron donating groups (EDGs)). 
However, the observed behavior in the case of X-oHBI (where X = F, Cl, and Br, i.e., 
halogens) is close to that of X-oHBI (X = EDG). Due to the strong electron withdrawing 
ability of the imidazolinone ring and the presence of lone pairs, the halogens may act as  
 108 
2 
 
 
 
Figure 4.5. (a) The excited-state intramolecular 
proton transfer (ESIPT) in X-oHBI chromophores. 
(b) Molecular structure of Me-oHBI. Blue dotted 
line represents OH···N intramolecular hydrogen 
bonding. The distance between hydrogen and 
nitrogen atoms is 1.69 Å. 
 
 
Figure 4.6. Normalized solid-state emission of EC-oHBI@Zn3(BTC)2 (blue 
solid line), Br-oHBI@Zn3(BTC)2 (green solid line), and tBu-oHBI@ Zn3(BTC)2 
(red solid line) and the corresponding “free” chromophores (dotted lines). The 
EC-oHBI, Br-oHBI, and tBu-oHBI chromophores are representative of the 
observed trend. An excitation wavelength of 350 nm was used to acquire all 
photoluminescence spectra in the solid state. 
weak electron donors; this could explain the red-shift in emission in the solid state, as 
compared to H-oHBI.As a host for immobilization of the prepared chromophores (Figure 
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4.4), Zn3(BTC)44 was chosen due to the following reasons: (i) a sufficient pore size for 
chromophore immobilization, (ii) lack of interference of scaffold photoluminescence with 
the chromophore emission profile, and (iii) absence of fluorescence quenching due to the 
electronic configuration of Zn2+ (d10). Chromophore incorporation was carried out during 
solvothermal synthesis of Zn3(BTC)2, which occurred in a saturated chromophore 
solution. Figure 4.6 demonstrate the observed changes in the emission profiles of 
confined chromophores inside a Zn3(BTC)2 framework versus their emission in the solid 
state. Figures 4.6 show that conformational restrictions imposed by the MOF matrix on 
the incorporated chromophores with EWGs did not affect chromophore emission profiles. 
In contrast, incorporation of chromophores with EDGs (e.g., OH, MeO, Me, and tBu) and 
halogens (e.g., Cl, F, and Br) inside Zn3(BTC)2 led to a hypsochromic shift of the 
emission maxima after chromophore immobilization inside the rigid scaffold (Figure 4.6). 
We speculate that the observed shift in emission of the confined chromophores could 
possibly be attributed to a change in the intramolecular hydrogen bonding (OH···N) 
imposed by chromophore interactions with the BTC3− linker inside the framework. This 
effect is more pronounced in the subset of EDG-containing chromophores, due to the fact 
that the benzene ring is more electron-rich, which leads to decreased acidity of the 
hydroxyl proton and, therefore, makes the already weak ESIPT even weaker. In contrast, 
the effect on EWG-containing chromophores is minimal or nonexistent due to strong 
ESIPT. In this case, the benzene ring is more electron-poor, and therefore, the acidity of 
the hydroxyl proton is increased, which leads to strengthening of the hydrogen bond in 
the seven-membered ring (Figure 4.5). Thus, inside a MOF matrix, emission of the EDG-
containing chromophores is more hypsochromically shifted in comparison with the 
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emission maxima of the chromophores in the solid state, likely due to much easier 
disruption of ESIPT by the surrounding environment of the MOF. 
To further support our conclusion that intramolecular hydrogen bonding (OH···N) 
interactions are responsible for the observable changes in the emission profiles of ortho-
hydroxy substituted chromophores, their analogs without the hydroxyl group (X-BI, 
where X = Cl, Br, F, Me, and MeO, Figure 4.4) were prepared. Thus, the shift in 
emission observed for all ortho-hydroxy substituted chromophores could be attributed, at 
least in part, to the disruption of intramolecular hydrogen bonding (OH···N) by the 
environment within the MOF pores. 
For the subsequent comparison with the photoluminescence of 
chromophore@MOF samples, a closer look at the possible correlation of chromophore 
photophysics with molecular interactions occurring in the solid state was investigated for 
11 molecules by single-crystal X-ray diffraction. As expected, single crystal X-ray 
analysis revealed the presence of intramolecular hydrogen bonding (OH···N) for ortho-
hydroxy substituted chromophores (Figure 4.5). However, as demonstrated in Figure 4.7, 
significant differences in chromophore packing occur, which strongly depend on the R2 
substituent (Figure 4.4). For instance, for all ortho-hydroxy substituted chromophores 
with EDGs (including R2 = H), the crystal structure reveals alternating stacks of the 
electron-rich benzene ring and electron-poor imidazolinone ring (Figure 7). In contrast, 
introduction of a strong EWG results in disruption of alternating benzene-imidazolinone 
stacking because the benzene ring has become electron-poor in this case. Such a 
difference in the packing significantly affects chromophore photoluminescence in the 
solid state, which drastically changes for X-oHBI compounds possessing EDGs versus 
EWGs (except halogens). Therefore, the electronic effect of the substituent on the 
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benzylidene imidazolinone core and, as a result, the molecular packing significantly 
affects the chromophore photophysics in the solid state. 
To summarize, a rigid scaffold significantly affects the photoluminescence profiles 
of the X-oHBI chromophores with EDGs due to weakening of the OH···N bond, 
probably due to interactions of the chromophore with the framework environment (i.e.,  
 
 
Figure 4.7. Molecular packing in the X-oHBI crystal structures, where X = 
electron donating groups (EDG, top), X = halogens (middle), and X = electron 
withdrawing groups (EWG, bottom). Molecular structures of Br-oHBI, CN-oHBI, 
and H-oHBI were previously reported.45 
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BTC3− linkers). Thus, these studies not only shed light on the photophysics of 
chromophores with a benzylidine imidazolinone core but also reveal how the rigid 
scaffold affects the photoluminescence profile of chromophores with electron 
donating/electron withdrawing substituents, which is a key criterion for development of 
chromophore@MOF materials with desirable photoluminescence properties for achieving 
high efficiency of ET. 
In the second part of our investigations, we aimed to shed light on the 
photophysics and dynamics of chromophores coordinatively immobilized inside the MOF 
scaffold. We have studied the effect of Z/E isomerization of a nonconfined chromophore 
in solution and after its immobilization inside the MOF matrix. It is known from the 
literature that HBI undergoes Z/E isomerization in the excited state, resulting in 
quenching of fluorescence via intersystem crossing, by either a one-bond-flip or “hula-
twist” rotation.40,53−56 For instance, for H-oHBI, it has been shown both theoretically and 
exper-imentally that the one-bond-flip mechanism is more preferable, as opposed to the 
“hula-twist” mechanism for Z/E isomer-ization.47,57 
As a model chromophore, we have prepared 2-((1-(2-methoxy-2-oxoethyl)-2-
methyl-5-oxo-1,5-dihydro-4H-imidazol-4-ylidene)methyl)-[1,1′-biphenyl]-4,4′-
dicarboxylic acid (H2BDC-BI, Figure 4.8),39 due to the fact that a framework prepared 
from this HBI-based linker would satisfy the necessary requirements for the proposed 
isomerization studies. First, a Zr6O4(OH)4(BDC-BI) 41 framework possesses the ability to 
retain its structure after removing all solvent molecules from the pores without 
framework decomposition. Second, the chosen MOF contains the appropriate pore 
aperture, which provides enough space for chromophore isomerization. Initially, we 
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focused on the determination of the isomerization rate and the rotational barrier (ΔG‡) for 
a nonconfined H2BDC-BI chromophore in a DMSO-d6 solution. For that, the solution 
was irradiated for 10 min using a high-power 365 nm light-emitting diode (LED) 
reaching a photostationary state of Z/E = 3.8/1. Thermal chromophore relaxation, i.e., a 
change in the Z/E isomeric ratio, was performed in the dark as it approached equilibrium 
and was monitored by 1H NMR spectroscopy. The isomerization rate was calculated from 
 
 
Figure 4.8. (Top) Isomerization of H2BDC-BI. 
(Bottom) Fragment of the Zr6O4(OH)4(BDC-BI)6 
X-ray crystal structure. Blue, red, and gray spheres 
represent Zr, O, and C atoms, respectively. The 
green spheres are a schematic representation of the 
imidazolinone part of the BDC-BI2− linker. 
Hydrogen atoms are omitted for clarity. 
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the slope of the plot of ln(R − Re)/(R + 1) (where R and Re = isomer ratios at time t and 
equilibrium, respectively).58 The activation barrier, ΔG‡, calculated from the Eyring 
equation (kr = kbT exp(−ΔG‡/RT)/ h) by utilization of the obtained isomerization rate, was 
found to be 28.5 kcal/mol, which is lower, compared to the HBI chromophore.59,60 To 
probe the possibility of photo-isomerization inside the MOF matrix, the prepared 
scaffold, Zr6O4(OH)4(BDC-BI)6 (vide supra),41 was activated under vacuum conditions at 
150 °C for 48 h. Before irradiation, the evacuated framework underwent a digestion 
procedure in the presence of sodium hydroxide. Surprisingly, both Z and E isomers were 
observed in the 1H NMR spectrum, even without irradiation. Notably, the 1H NMR 
spectrum of the H2BDC-BI chromophore itself does not contain both isomers after 
application of the same “digestion conditions” (i.e., addition of NaOH) utilized for 
framework analysis or heating under the same experimental conditions used for MOF 
synthesis. Irradiation of the evacuated framework with a 365 nm high-power LED 
resulted in significant changes in the isomer ratio after 48 h. Importantly, a similar Z/E 
isomer ratio can be observed in solution after 25 min. Therefore, despite the fact that Z/E 
isomerization can still occur in the framework, while preserving the MOF integrity and 
crystallinity, the process is approximately 100 times slower in the MOF compared to 
solution. Thus, coordinative immobilization inside of the rigid framework significantly 
affects chromophore dynamics. 
Conclusions and Perspective 
In the presented manuscript, 16 HBI-based chromophores were prepared, and 
their emission profiles were tuned by derivatization of the benzylidene imidazolinone 
core with electron donating or electron withdrawing groups. Moreover, a dependence of 
photophysics on electronic configuration was established, which allows one to predict the 
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chromophore emission profile inside a rigid framework as a function of the substituent 
for ortho-hydroxy substituted chromophores, a key parameter for achieving the spectral 
overlap necessary to study and increase ET efficiency. To further establish the structure− 
photophysical properties of the prepared chromophores, a comprehensive structural 
analysis of HBI-based chromophores was also performed, for which 11 novel 
chromophore X-ray structures were determined in the presented studies. Furthermore, to 
shed light on chromophore dynamics and, therefore, the possibility for suppression of low 
energy vibrational modes, the barrier for Z/E chromophore isomerization in solution was 
determined, and the behavior of a nonconfined chromophore was compared with that of 
one in the confined environment of the rigid matrix. To summarize, the presented studies 
demonstrate that a MOF could preserve or alter the photophysical properties of 
chromophores and, therefore, serve as a platform for further development of systems 
possessing high efficiency of ET. 
As clearly summarized in the current manuscript and numerous previous reviews, 
a MOF matrix could be employed to achieve relatively high values of ET efficiency.6,7,23 
However, efficient utilization of a MOF platform to study and model short-and long-
range ET processes is still in the early stages. For instance, challenges including 
revealing structural principles governing ET efficiency or detailed mechanistic 
information necessary for guidance of ET in a predesigned pathway still need to be met. 
However, due to the fact that MOF-based materials with the possibility of ET have 
already found numerous applications including sensors, noninvasive thermometers, 
photoswitches, and photocatalysts,61−68 the novel and exciting advances required to 
overcome the challenges will certainly be revealed soon. 
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EXPERIMENTAL SECTION 
Zinc nitrate hexahydrate (technical grade, Ward’s Science), 1,3,5-
benzenetricarboxylic acid (98%, Alfa Aesar), N,N-dimethylformamide (ACS grade, 
BDH), benzaldehyde (98%, Alfa Aesar), 3-fluorobenzaldehyde (98%, Oakwood 
Chemical), 3-chlorobenzaldehyde (95%, Oxchem), 3-bromobenzaldehyde (97%, 
Oakwood Chemical), 3-tolualdehyde (Matrix Scientific), 3-methoxybenzaldehyde (95%, 
Oxchem), 2,5-dihydroxybenzaldehyde (99%, Acros Organics), 2-hydroxy-5-
methoxybenzaldehyde (95%, Oxchem), 2-hydroxy-5-methylbenzaldehyde (95%, 
Oxchem), 5-tert-Butyl-2-hydroxybenzaldehyde (98%, Aldrich), salicylaldehyde (99%, 
Alfa Aesar), 2-hydroxy-5-nitrobenzaldehyde (98.6%, Chem-Impex International Inc.), 
ethyl-3-formyl-4-hydroxybenzaldehyde (95%, Aldrich), 5-fluoro-2-hydroxybenzaldehyde 
(95%, Oxchem), 5-chloro-2-hydroxybenzaldehyde (97%, Ark Pharm), 2-hydroxy-5-
bromobenzaldehyde (99%, Chem-Impex International Inc), glycine methyl ester 
hydrochloride (98%, Acros Organics), diethyl ether (ACS grade, J. T. Baker® 
Chemicals), ethyl acetimidate hydrochloride (97%, Alfa Aesar), potassium carbonate 
(ACS grade, BDH), methyl-amine (33% solution in absolute ethanol, Aldrich), glacial 
acetic acid (ACS grade, BDH), ethanol (Decon Laboratories, Inc.), 4-bromo-3-methyl 
benzoic acid methyl ester (99.1%, Chem-Impex International Inc.), 4-
carboxyphenylboronic acid (99.5%, Chem-Impex International Inc.), chromium(VI) 
oxide (99.9%, Sigma-Aldrich), sulfuric acid (ACS grade, Fischer Scientific), methanol 
(ACS grade, Fischer Scientific), trans-dichlorobis(triphenylphosphine)palladium(II) 
(99%, Strem Chemicals), sodium hydroxide (ACS grade, Macron Fine Chemicals), acetic 
anhydride (99.63%, Chem-Impex International Inc.), hydrochloric acid (ACS grade, 
Fischer Scientific), 4-carboxyphenylboronic acid (99.5%, Chem-Impex International 
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Inc.), trifluoroacetic acid (99%, Aldrich), zirconium(IV) chloride (99.5%, Alfa Aesar), 
deuterium oxide (Cambridge Isotopes) and DMSO-d6 (Cambridge Isotopes) were used as 
received. 
The compounds 5-(3-bromobenzylidene)-2,3-dimethyl-3,5-dihydro-4H-imidazol-
4-one (Br-BI),69 5-(3-chlorobenzylidene)-2,3-dimethyl-3,5-dihydro-4H-imidazol-4-one 
(Cl-BI),69 5-(3-fluorobenzylidene)-2,3-dimethyl-3,5-dihydro-4H-imidazol-4-one (F-BI),69 
5-(3-methylbenzylidene)-2,3-dimethyl-3,5-dihydro-4H-imidazol-4-one (Me-BI),69 5-(3-
methoxybenzylidene)-2,3-dimethyl-3,5-dihydro-4H-imidazol-4-one (MeO-BI),69 and 
Zr6O4(OH)4(BDC-BI)641 were prepared according to the reported procedures. 
General procedure: Chromophores 5-(2,5-dihydroxybenzylidene)-2,3-dimethyl-
3,5-dihydro-4H-imidazol-4-one (OH-oHBI), 5-(2-hydroxy-5-methylbenzylidene)-2,3-
dimethyl-3,5-dihydro-4H-imidazol-4-one (Me-oHBI), 5-(5-(tert-butyl)-2-
hydroxybenzylidene)-2,3-dimethyl-3,5-dihydro-4H-imidazol-4-one (tBu-oHBI), 5-(2-
hydroxy-5-nitrobenzylidene)-2,3-dimethyl-3,5-dihydro-4H-imidazol-4-one (NO2-oHBI), 
ethyl-3-((1,2-dimethyl-5-oxo-1,5-dihydro-4H-imidazol-4-ylidene)methyl)-4 
hydroxybenzoate (EC-oHBI), 5-(5-fluoro-2-hydroxybenzylidene)-2,3-dimethyl-3,5-
dihydro-4H-imidazol-4-one (F-oHBI), 5-(5-chloro-2-hydroxybenzylidene)-2,3-dimethyl-
3,5-dihydro-4H-imidazol-4-one (Cl-oHBI), and 5-(5-bromo-2-hydroxybenzylidene)-2,3-
dimethyl-3,5-dihydro-4H-imidazol-4-one (Br-oHBI) were prepared by adaptation of the 
literature procedure.69 A methylamine solution (33% in ethanol, 3.78 g, 40.2 mmol) was 
added to the corresponding aldehyde (4.01 mmol), and the resulting solution was stirred 
for 16 h at room temperature. Methyl-2-((1-ethoxyethylidene)amino)acetate (0.830 g, 
5.22 mmol) and a catalytic amount of acetic acid (40.0 mg, 0.700 mmol) were added after 
16 h, and the resulting mixture was stirred vigorously for additional 6 h at room 
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temperature. The obtained precipitate was collected by filtration, washed with water and 
diethyl ether and dried under vacuum overnight  
Synthesis of 5-(2-hydroxy-5-nitrobenzylidene)-2,3-dimethyl-3,5-dihydro-4H-
imidazol-4-one (C12H11N3O4, NO2-oHBI).  
After drying under vacuum, NO2-oHBI (0.442 g, 1.69 mmol) was isolated in 57% 
yield. 1H NMR (DMSO-d6, 400 MHz): δ = 2.40 (3H, s), 3.12 (3H, s), 7.05 (1H, d, J = 9.2 
Hz), 7.24 (1H, s), 8.13 (1H, dd, J = 2.8, 9.2), 9.39 (1H, d, J = 2.8 Hz), 12.69 (1H, s) 
(Figure S7). 13C NMR (DMSO-d6, 400 MHz): δ = 15.51, 26.42, 116.84, 117.65, 120.98, 
127.11, 128.70, 138.49, 139.76, 163.07, 165.03, and 169.05 (Figure 4.9). 
 IR (neat, cm−1): 728, 748, 792, 825, 931, 952, 1033, 1100, 1134, 1150, 1194, 
1251, 1278, 1314, 1331, 1378, 1407, 1471, 1526, 1562, 1586, 1616, 1651, 1731, 2405, 
3079, and 3424 (Figure 4.10). HRMS (ESI, m/z) calculated for C12H12N3O4 [M+H]+ 
262.0822, found 262.0823. Single crystal X-ray data for NO2-oHBI is shown in Figure 
4.6.  
Synthesis of ethyl-3-((1,2-dimethyl-5-oxo-1,5-dihydro-4H-imidazol-4-
ylidene)methyl)-4-hydroxybenzoate (C15H16N2O4, EC-oHBI) 
After drying under vacuum, EC-oHBI (0.078 g, 0.271 mmol) was isolated in 18% 
yield. 1H NMR (DMSO-d6, 400 MHz): δ = 1.31 (3H, t, J = 6.8 Hz), 2.38 (3H, s), 3.12 
(3H, s), 4.27 (2H, q, J = 6.8 Hz), 6.96 (1H, d, J = 8.8 Hz), 7.25 (1H, s), 7.83 (1H, d, J 
=8.8 Hz), 8.95 (1H, s), 12.39 (1H, s) (Figure 4.11). 13C NMR (DMSO-d6, 400 MHz): δ = 
14.22, 15.38, 26.38, 30.69, 60.31, 116.79, 120.38, 120.93, 132.95, 135.44, 136.91, 
161.62, 163.35, 165.30, 168.88, and 206.49 (Figure 4.11).  
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IR (neat, cm−1): 724, 750, 759, 793, 835, 871, 915, 930, 956, 1024, 1035, 1106, 
1128, 1145, 1183, 1238, 1262, 1300, 1368, 1399, 1420, 1455, 1563, 1608, 1647, 1702, 
1723, 2411, 2985, 3058, and 3432 (Figure S4.12). HRMS (ESI, m/z) calculated for 
C15H17N2O4 [M+H]+ 289.1188, found 289.1180. Single crystal X-ray data for EC-oHBI 
is shown in Table 4.1 and Figure 4.6. 
Synthesis of 5-(5-bromo-2-hydroxybenzylidene)-2,3-dimethyl-3,5-dihydro-
4H-imidazol-4-one (C12H11BrN2O2, Br-oHBI). After drying under vacuum, Br-oHBI 
(0.352 g, 1.20 mmol) was isolated in 28% yield. 1H NMR (DMSO-d6, 400 MHz): δ = 
2.37 (3H, s), 3.10 (3H, s), 6.84 (1H, d, J = 8.8), 7.18 (1H, s), 7.38 (1H, dd, J = 2.4, 8.8), 
8.53 (1H, d, J = 2.4), 11.55 (1H, s) (Figure 4.13). 13C NMR (DMSO-d6, 400 MHz): δ = 
15.38, 26.38, 110.38, 118.62, 119.08, 122.77, 134.28, 134.66, 137.34, 156.78, 163.87, 
and 169.01 (Figure 4.13).  
IR (neat, cm−1): 719, 758, 792, 818, 885, 928, 1018, 1029, 1088, 1144, 1174, 
1196, 1270, 1297, 1358, 1394, 1447, 1468, 1549, 1572, 1599, 1645, 1716, 2502, 2757, 
2941, 3063, and 3422 (Figure 4.14). HRMS (ESI, m/z) calculated for C12H12BrN2O2 
[M+H]+ 295.0082, found 295.0074. Single crystal X-ray data for Br-oHBI is shown in 
Figure 4.6. 
Synthesis 5-(5-chloro-2-hydroxybenzylidene)-2,3-dimethyl-3,5-dihydro-4H-
imidazol-4-one (C12H11ClN2O2, Cl-oHBI). After drying under vacuum, Cl-oHBI (0.664 
g, 2.66 mmol) was isolated in 59% yield. 1H NMR (DMSO-d6, 400 MHz): δ = 2.38 (3H, 
s), 3.11 (3H, s), 6.90 (1H, d, J = 8.8), 7.19 (1H, s), 7.28 (1H, dd, J = 2.7, 8.8), 8.43 (1H, 
d, J = 2.7), 11.48 (1H, s) (Figure 4.15). 13C NMR (DMSO-d6, 400 MHz): δ = 15.39, 
26.39, 118.14, 119.07, 122.16, 122.79, 131.48, 131.70, 137.44, 156.37, 163.95, and 
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169.07 (Figure 4.15). IR (neat, cm−1): 721, 759, 796, 823, 856, 874, 896, 915, 940, 1009, 
1028, 1097, 1115, 1137, 1174, 1190, 1267, 1305, 1362, 1393, 1418, 1451, 1554, 1575, 
1607, 1647, 1709, 1826, 1906, 2457, 2951, 3000, 3068, and 3408 (Figure 4.16). HRMS 
(ESI, m/z) calculated for C12H12ClN2O2 [M+H]+ 251.0587, found 251.0582. Single 
crystal X-ray data for Cl-oHBI is shown in Table 4.2 and Figure 4.6. 
Synthesis 5-(5-fluoro-2-hydroxybenzylidene)-2,3-dimethyl-3,5-dihydro-4H-
imidazol-4-one (C12H11FN2O2, F-oHBI). After drying under vacuum, F-oHBI (0.703 g, 
3.00 mmol) was isolated in 61% yield. 1H NMR (DMSO-d6, 400 MHz): δ = 2.37 (3H,s), 
3.10 (3H, s), 6.87 (1H, dd, J = 5.2, 9.0), 7.11 (1H, triplet of doublets, J = 3.4, 9.0), 7.21 
(1H, s), 8.22 (1H, dd, J = 3.4, 10.5), 11.10 (1H, s) (Figure 4.17). 13C NMR (DMSO-d6, 
400 MHz): δ = 15.37, 26.36, 117.42, 117.61, 118.66, 118.89, 119.36, 121.26, 137.51, 
153.96, 163.80, and 169.12 (Figure 4.17). IR (neat, cm−1): 705, 729, 763, 781, 805, 861, 
896, 917, 957, 966, 1017, 1034, 1103, 1137, 1156, 1195, 1211, 1263, 1293, 1368, 1397, 
1419, 1450, 1484, 1578, 1642, 1710, 1881, 2544, 2989, 3067, and 3411 (Figure 4.18). 
HRMS (ESI, m/z) calculated for C12H12FN2O2 [M+H]+ 235.0883, found 235.0878. Single 
crystal X-ray data for F-oHBI is shown in Table 4.2 and Figure 4.6. 
Synthesis 5-(2-hydroxy-5-methylbenzylidene)-2,3-dimethyl-3,5-dihydro-4H-
imidazol-4-one (C13H14N2O2, Me-oHBI). After drying under vacuum, Me-oHBI (0.591 
g, 2.57 mmol) was isolated in 70% yield. 1H NMR (DMSO-d6, 400 MHz): δ = 2.21 (3H, 
s), 2.37 (3H, s), 3.74 (3H, s), 6.77 (1H, d, J = 8.4), 7.09 (1H, d, J = 8.4), 7.17 (1H, s), 
7.92 (1H, s), 11.66 (1H, s) (Figure 4.19). 13C NMR (DMSO-d6, 400 MHz): δ = 15.23, 
20.04, 26.38, 116.91, 119.95, 122.95, 127.72, 133.48, 133.87, 135.37, 155.56, 161.87, 
and 168.66 ppm (Figure 4.19).  
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IR (neat, cm−1): 704, 736, 762, 781, 806, 827, 872, 894, 913, 951, 1012, 1027, 
1125, 1143, 1168, 1221, 1277, 1310, 1363, 1400, 1420, 1448, 1484, 1573, 1616, 1644, 
1706, 2498, 2917, and 3406. (Figure 4.20). HRMS (ESI, m/z) calculated for C13H15N2O2 
[M+H]+ 231.1120, found 231.1126. Single crystal X-ray data for Me-oHBI is shown in 
Table 4.1 and Figure 4.6. 
Synthesis 5-(2,5-dihydroxybenzylidene)-2,3-dimethyl-3,5-dihydro-4H-
imidazol-4-one(C12H12N2O3, OH-oHBI). After drying under vacuum, OH-oHBI (0.660 
g, 2.85 mmol) was isolated in 79% yield. 1H NMR (DMSO-d6, 400 MHz): δ = 2.36 (3H, 
s), 3.11 (3H, s), 6.70-6.75 (2H, m), 7.19 (1H, s), 7.71 (1H, d, J = 2.0), 8.91 (1H, s), 10.64 
(1H, s) (Figure 4.21). 13C NMR (DMSO-d6, 400 MHz): δ = 15.27, 26.33, 117.13, 118.01, 
120.30, 120.61, 121.72, 136.12, 149.66, 150.75, 162.28, and 169.12 (Figure 4.21).  
IR (neat, cm−1): 674, 710, 755, 784, 815, 847, 909, 972, 1039, 1141, 1168, 1192, 
1208, 1260, 1294, 1319, 1371, 1410, 1417, 1451, 1499, 1589, 1622, 1651, 1699, 1906, 
2512, 2926, 3059, and 3371 (Figure 4.22). HRMS (ESI, m/z) calculated for C12H13N2O3 
[M+H]+ 233.0921, found 233.0922. Single crystal X-ray data for OH-oHBI is shown in 
Table 4.1 and Figure 4.6. 
Synthesis 5-(5-(tert-butyl)-2-hydroxybenzylidene)-2,3-dimethyl-3,5-dihydro-
4H-imidazol-4-one (C16H20N2O2, tBu-oHBI). After drying under vacuum, tBu-oHBI 
(0.402 g, 1.48 mmol) was isolated in 84% yield. 1H NMR (DMSO-d6, 400 MHz): δ = 
1.25 (12H, s), 2.37 (3H, s), 3.12 (3H, s), 6.80 (1H, d, J = 8.4), 7.23 (1H, s), 7.33 (1H, d, J 
= 8.4), 8.08 (1H, s), 11.92 (1H, s) (Figure 4.23). 13C NMR (DMSO-d6, 400 MHz): δ = 
15.34, 26.41, 31.20, 116.87, 119.41, 124.21, 130.15, 130.93, 134.87, 141.35, 155.53, 
161.44, and 168.47 (Figure 4.23). IR (neat, cm−1): 656, 720, 745, 759, 794, 829, 870, 
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909, 949, 1010, 1119, 1145, 1180, 1213, 1258, 1304, 1363, 1398, 1446, 1490, 1574, 
1611, 1650, 1716, 2494, 2867, 2948, 2966, 3039, and 3418 (Figure 4.24). HRMS (ESI, 
m/z) calculated for C16H21N2O2 [M+H]+ 273.1603, found 273.1600. Single crystal X-ray 
data for tBu-oHBI is shown in Table 4.1 and Figure 4.6.  
Synthesis of X-oHBI@Zn3(BTC)2 and X-BI@Zn3(BTC)2 
 In a 20 mL vial, Zn(NO3)2·6H2O (0.074 g, 0.25 mmol) and 1,3,5-
benzenetricarboxylic acid (0.053 g, 0.25 mmol) were sonicated in 10 mL of DMF for 10 
min. After addition of 0.50 mmol of the HBI-based derivative, the resulting solution was 
heated at 70 °C for 4 d. The obtained crystals were thoroughly washed with DMF to 
remove residual chromophore molecules. The amount of chromophore inclusion was 
quantified using calibration curves obtained from solutions with known concentrations by 
UV-vis spectroscopy. Loading of the chromophores after incorporation into Zn3(BTC)2 
for OH-oHBI, Me-oHBI, tBu-oHBI, NO2-oHBI, EC-oHBI, Cl-oHBI, F-oHBI, Br-oHBI, 
Me-BI, MeO-BI, Cl-BI, F-BI, Br-BI were found to be 0.001, 0.007, 0.116, 0.008, 0.003, 
0.013, 0.001, 0.098, 0.008, 0.010, 0.001, 0.014 and 0.004 wt%, respectively. The PXRD 
patterns of the prepared chromophore@Zn3(BTC)2 materials are shown in Figure 4.25.  
Digestion procedure. 
To study the composition of Zr6O4(OH)4(BDC-BI)6, a solution of 500 µL D2O 
and 10 µL NaOH (6.25 M) was added to 10 mg of Zr6O4(OH)4(BDC-BI)6, followed by 
sonication until complete sample dissolution. The sample was activated for 48 h at 150 
°C and then irradiated with a 365-nm high-power LED for another 48 h. The 
spectroscopic studies of the sample are shown in Figure 4.27-4.28. PXRD pattern is 
shown in Figure 4.26. 
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Figure 4.9. 1H NMR (top) and 13C NMR 
(bottom) spectra of the synthesized NO2-
oHBI.  
 
Figure 4.10. FT-IR spectrum of NO2-oHBI. 
 
Figure 4.11. 1H NMR (top) and 13C NMR 
(bottom) spectra of the synthesized EC-
oHBI. 
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Figure 4.12. FT-IR spectrum of EC-oHBI. 
 
Figure 4.13. 1H NMR (top) and 13C NMR (bottom) spectra of the 
synthesized Br-oHBI. 
 
Figure 4.14. FT-IR spectrum of Br-oHBI. 
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Figure 4.15. 1H NMR (top) and 13C NMR (bottom) spectra of the 
synthesized Cl-oHBI. 
 
Figure 4.16. FT-IR spectrum of Cl-oHBI. 
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Figure 4.17. 1H NMR (top) and 13C NMR (bottom) spectra of the 
synthesized F-oHBI. 
 
Figure 4.18. FT-IR spectrum of F-oHBI. 
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Figure 4.19. 1H NMR (top) and 13C NMR (bottom) spectra of 
the synthesized Me-oHBI. 
 
Figure 4.20. FT-IR spectrum of Me-oHBI. 
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Figure 4.21. 1H NMR (top) and 13C NMR 
(bottom) spectra of the synthesized OH-oHBI. 
 
 
Figure 4.22. FT-IR spectrum of OH-oHBI. 
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Figure 4.23. 1H NMR (top) and 13C NMR (bottom) 
spectra of the synthesized tBu-oHBI. 
 
Figure 4.24. FT-IR spectrum of tBu-oHBI. 
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Figure 4.25. PXRD patterns a) Br-BI@Zn3(BTC)2, b) Cl-BI@Zn3(BTC)2, c) 
F-BI@Zn3(BTC)2, d) Me-oHBI@Zn3(BTC)2, e) EC-oHBI@Zn3(BTC)2, f) Br-
oHBI@Zn3(BTC)2, g) Me-BI@Zn3(BTC)2 , h) MeO-BI@ Zn3(BTC)2, i) NO2-
oHBI@Zn3(BTC)2, j) F-oHBI@Zn3(BTC)2, k) OH-oHBI@Zn3(BTC)2, l) tBu-
oHBI@Zn3(BTC)2, and m) Cl-oHBI@Zn3(BTC)2. Zn3(BTC)2 simulated with 
preferential orientation along the 642 (a-f), 200 (g-k), 611 (l), 525 (m) direction 
(black). 
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Figure 4.26. PXRD patterns of 
Zr6O4(OH)4(BDC-BI)6 as-synthesized (black) 
and after activation (red). 
 
 
Figure 4.27. 1H NMR spectrum of digested Zr6O4(OH)4(BDC-BI)6 
in NaOH/D2O. 
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Figure 4.28. 1H NMR spectrum of digested Zr6O4(OH)4(BDC-BI)6 after 
UV-irradiation. 
 
 
Figure 4.29 1H NMR spectrum of H2BDC-BI after 25 minutes of UV-irradiation. 
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X-ray crystal structure determination 
OH-oHBI (C12H12N2O3). X-ray intensity data from a yellow plate were collected 
at 100(2) K using a Bruker D8 QUEST diffractometer equipped with a PHOTON 100 
CMOS area detector and an Incoatec microfocus source (Mo Kα radiation, λ = 0.71073 
Å).3 The raw area detector data frames were reduced and corrected for absorption effects 
using the SAINT+ and SADABS programs.70 Final unit cell parameters were determined 
by least-squares refinement of 9911 reflections taken from the data set. The structure was 
solved by direct methods with SHELXT.71,72 Subsequent difference Fourier calculations 
and full-matrix least-squares refinement against F2 were performed with SHELXL-
201471,72 using OLEX2.73 
The compound crystallizes in the triclinic system. The space group P-1 (No. 2) 
was confirmed by structure solution. The asymmetric unit consists of one molecule. All 
non-hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen 
atoms bonded to carbon were located in difference maps. Arene hydrogens were refined 
freely. Methyl hydrogens were placed in geometrically idealized positions with d(C-H) = 
0.98 Å and Uiso(H) = 1.5Ueq(C) and were allowed to rotate as a rigid group to the 
orientation of maximum observed electron density. The two hydroxyl hydrogens were 
located and refined freely. The largest residual electron density peak in the final 
difference map is 0.40 e/Å3, located 0.72 Å from C2. The crystallographic data for OH-
oHBI are shown in Table 4.1. 
Me-oHBI (C13H14N2O2). X-ray intensity data from a yellow parallelogram-
shaped block were collected at 100(2) K using a Bruker D8 QUEST diffractometer 
equipped with a PHOTON 100 CMOS area detector and an Incoatec microfocus source 
 134 
(Mo Kα radiation, λ = 0.71073 Å).70 The raw area detector data frames were reduced and 
corrected for absorption effects using the SAINT+ and SADABS programs.70 Final unit 
cell parameters were determined by least-squares refinement of 9897 reflections taken 
from the data set. The structure was solved by direct methods with SHELXT.71,72 
Subsequent difference Fourier calculations and full-matrix least-squares refinement 
against F2 were performed with SHELXL-201471,72 using OLEX2.73 
The compound crystallizes in the triclinic system. The space group P-1 (No. 2) 
was confirmed by structure solution. The asymmetric unit consists of one molecule. All 
non-hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen 
atoms bonded to carbon were located in difference maps. Arene hydrogens were refined 
freely. Methyl hydrogens were placed in geometrically idealized positions with d(C-H) = 
0.98 Å and Uiso(H) = 1.5Ueq(C) and were allowed to rotate as a rigid group to the 
orientation of maximum observed electron density The hydroxyl hydrogen was located 
and refined freely. The largest residual electron density peak in the final difference map 
is 0.49 e/Å3, located 0.72 Å from C2. The crystallographic data for Me-oHBI are shown 
in Table 4.1. 
tBu-oHBI (C16H20N2O2). X-ray intensity data from a yellow block cleaved from a 
needle were collected at 100(2) K using a Bruker D8 QUEST diffractometer equipped 
with a PHOTON 100 CMOS area detector and an Incoatec microfocus source (Mo Kα 
radiation, λ = 0.71073 Å).3 The raw area detector data frames were reduced and corrected 
for absorption effects using the SAINT+ and SADABS programs.70 Final unit cell 
parameters were determined by least-squares refinement of 9191 reflections taken from 
the data set. The structure was solved by direct methods with SHELXT.71,72 Subsequent 
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difference Fourier calculations and full-matrix least-squares refinement against F2 were 
performed with SHELXL-201471,72 using OLEX2.73 
The compound crystallizes in the monoclinic system. Systematic absences in the 
intensity data were consistent with the space groups C2, Cm, and C2/m; intensity 
statistics indicated a centrosymmetric structure. C2/m was confirmed by structure 
solution. The asymmetric unit consists of one molecule, which lies on a crystallographic 
mirror plane. All non-hydrogen atoms except methyl carbon C15 lie in the mirror plane. 
All non-hydrogen atoms were refined with anisotropic displacement parameters. 
Hydrogen atoms bonded to carbon were located in Fourier difference maps. Arene 
hydrogens were refined freely. Methyl hydrogens were placed in geometrically idealized 
positions included as riding atoms with d(C-H) = 0.98 Å and Uiso(H) = 1.5Ueq(C). The 
best refinement was obtained with the methyl group hydrogen atoms disordered across 
the mirror plane for carbon atoms C4, C5 and C14; these hydrogen atoms were refined 
with half-occupancy. Both sets of methyl hydrogens were allowed to rotate as a rigid 
group to the orientation of maximum observed electron density. The hydroxyl hydrogen 
was located and refined freely. The largest residual electron density peak in the final 
difference map is 0.47 e/Å3, located 0.66 Å from C9. The crystallographic data for tBu-
oHBI are shown in Table 4.1. 
EC-oHBI (C15H16N2O4). X-ray intensity data from a yellow prism were collected 
at 100(2) K using a Bruker D8 QUEST diffractometer equipped with a PHOTON 100 
CMOS area detector and an Incoatec microfocus source (Mo Kα radiation, λ = 0.71073 
Å).3 The raw area detector data frames were reduced and corrected for absorption effects 
using the SAINT+ and SADABS programs.70 Final unit cell parameters were determined 
by least-squares refinement of 9839 reflections taken from the data set. The structure was 
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solved by direct methods with SHELXT.71,72 Subsequent difference Fourier calculations 
and full-matrix least-squares refinement against F2 were performed with SHELXL-
201471,72 using OLEX2.73 
The compound crystallizes in the monoclinic system. The pattern of systematic 
absences in the intensity data was consistent with the space group P21/n, which was 
confirmed by structure solution. The asymmetric unit consists of one molecule. All non-
hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms 
were located in Fourier difference maps. Arene hydrogens were refined freely. Methylene 
and methyl hydrogens were placed in geometrically idealized positions included as riding 
atoms with d(C-H) = 0.99 Å and Uiso(H) = 1.2Ueq(C) for methylene hydrogens and d(C-
H) = 0.98 Å and Uiso(H) = 1.5Ueq(C) for methyl hydrogens. The methyl hydrogens were 
allowed to rotate as a rigid group to the orientation of maximum electron density. The 
largest residual electron density peak in the final difference map is 0.35 e/Å3, located 
0.71 Å from C2. The crystallographic data for EC-oHBI are shown in Table 4.1. 
F-oHBI (C12H11N2O2F). X-ray intensity data from a yellow plate were collected 
at 100(2) K using a Bruker D8 QUEST diffractometer equipped with a PHOTON 100 
CMOS area detector and an Incoatec microfocus source (Mo Kα radiation, λ = 0.71073 
Å).70 The raw area detector data frames were reduced and corrected for absorption effects 
using the SAINT+ and SADABS programs.70 Final unit cell parameters were determined 
by least-squares refinement of 9899 reflections taken from the data set. The structure was 
solved by direct methods with SHELXT.71,72 Subsequent difference Fourier calculations 
and full-matrix least-squares refinement against F2 were performed with SHELXL-
201471,72 using OLEX2.73 
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The compound crystallizes in the monoclinic system. Systematic absences in the 
intensity data were consistent with the space group P21/n, which was confirmed by 
structure solution. The asymmetric unit consists of one molecule. All non-hydrogen 
atoms were refined with anisotropic displacement parameters. Hydrogen atoms bonded to 
carbon were located in Fourier difference maps. Arene hydrogens were refined freely. 
Methyl hydrogens were placed in geometrically idealized positions included as riding 
atoms with d(C-H) = 0.98 Å and Uiso(H) = 1.5Ueq(C). The methyl hydrogens were 
allowed to rotate as a rigid group to the orientation of maximum observed electron 
density. The hydroxyl hydrogen was located and refined freely. The largest residual 
electron density peak in the final difference map is 0.42 e/Å3, located 0.69 Å from C11. 
The crystallographic data for F-oHBI are shown in Table 4.2. 
Cl-oHBI (C12H11N2O2Cl). X-ray intensity data from a yellow parallelogram-
shaped plate were collected at 100(2) K using a Bruker D8 QUEST diffractometer 
equipped with a PHOTON 100 CMOS area detector and an Incoatec microfocus source 
(Mo Kα radiation, λ = 0.71073 Å).70 The raw area detector data frames were reduced and 
corrected for absorption effects using the SAINT+ and SADABS programs.70 Final unit 
cell parameters were determined by least-squares refinement of 9051 reflections taken 
from the data set. The structure was solved by direct methods with SHELXT.71,72 
Subsequent difference Fourier calculations and full-matrix least-squares refinement 
against F2 were performed with SHELXL-201471,72 using OLEX2.73 
The compound crystallizes in the triclinic system. The space group P-1 (No. 2) 
was confirmed by structure solution. The asymmetric unit consists of one molecule. All 
non-hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen 
atoms bonded to carbon were located in Fourier difference maps. Arene hydrogens were 
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refined freely. Methyl hydrogens were placed in geometrically idealized positions 
included as riding atoms with d(C-H) = 0.98 Å and Uiso(H) = 1.5Ueq(C). The methyl 
hydrogens were allowed to rotate as a rigid group to the orientation of maximum 
observed electron density. The hydroxyl hydrogen was located and refined freely. The 
largest residual electron density peak in the final difference map is 0.48 e/Å3, located 
0.71 Å from C2. The crystallographic data for Cl-oHBI are shown in Table 4.2. 
MeO-BI (C13H14N2O2). X-ray intensity data from a colorless prism were 
collected at 100(2) K using a Bruker D8 QUEST diffractometer equipped with a 
PHOTON 100 CMOS area detector and an Incoatec microfocus source (Mo Kα radiation, 
λ = 0.71073 Å).70 The raw area detector data frames were reduced and corrected for 
absorption effects using the SAINT+ and SADABS programs.70 Final unit cell 
parameters were determined by least-squares refinement of 9855 reflections taken from 
the data set. The structure was solved by direct methods with SHELXS.71,72 Subsequent 
difference Fourier calculations and full-matrix least-squares refinement against F2 were 
performed with SHELXL-201471,72 using OLEX2.73 
Initial indexing of the diffraction pattern suggested C-centered orthorhombic 
symmetry with unit cell parameters of a = 8.31 Å, b = 13.14 Å, c = 20.72 Å; α = β = γ = 
90.00° within experimental error. Further examination showed very high R(int) values for 
this cell (e.g. R(int) = 0.58) and lower symmetry cells were tried. The compound was 
eventually determined to crystallize in the monoclinic system. The pattern of systematic 
absences in the intensity data was consistent with the space group P21/n, which was 
verified by structure solution. The asymmetric unit consists of one molecule. All non-
hydrogen atoms were refined with anisotropic displacement parameters. All hydrogen 
atoms were located in Fourier difference maps. Arene hydrogens were refined freely. 
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Methyl hydrogens were placed in geometrically idealized positions included as riding 
atoms with d(C-H) = 0.98 Å and Uiso(H) = 1.5Ueq(C). Methyl group carbon atom C5 was 
refined as an idealized disordered methyl group with two sets of hydrogen positions, each 
with half-occupancy (SHELX AFIX 127 instruction). This was consistent with the 
calculated difference electron density near C5, which showed a regular hexagonal 
arrangement of six electron density peaks of similar magnitude. Refining C5 as a two-
fold disordered methyl group lowered the R-values from R1(F) = 0.0414 to R1(F) = 
0.0375. All methyl hydrogens were allowed to rotate as rigid groups to the orientation of 
maximum electron density. The largest residual electron density peak in the final 
difference map is 0.47 e/Å3, located 0.69 Å from C11. The crystallographic data for 
MeO-BI are shown in Table 4.2. 
Me-BI (C13H14N2O). X-ray intensity data from a colorless prismatic crystal were 
collected at 100(2) K using a Bruker D8 QUEST diffractometer equipped with a 
PHOTON 100 CMOS area detector and an Incoatec microfocus source (Mo Kα radiation, 
λ = 0.71073 Å).70 The raw area detector data frames were reduced and corrected for 
absorption effects using the SAINT+ and SADABS programs.70 Final unit cell 
parameters were determined by least-squares refinement of 9886 reflections taken from 
the data set. The structure was solved by direct methods with SHELXT.71,72 Subsequent 
difference Fourier calculations and full-matrix least-squares refinement against F2 were 
performed with SHELXL-201471,72 using OLEX2.73 
The compound crystallizes in the monoclinic system. Systematic absences in the 
intensity data were consistent with the space group P21/c, which was confirmed by 
structure solution. The asymmetric unit consists of one molecule. All non-hydrogen 
atoms were refined with anisotropic displacement parameters. Hydrogen atoms bonded to 
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carbon were located in Fourier difference maps. Arene hydrogens were refined freely. 
Methyl hydrogens were placed in geometrically idealized positions included as riding 
atoms with d(C-H) = 0.98 Å and Uiso(H) = 1.5Ueq(C). The methyl hydrogens were 
allowed to rotate as a rigid group to the orientation of maximum observed electron 
density. The largest residual electron density peak in the final difference map is 0.38 
e/Å3, located 0.68 Å from C2. The crystallographic data for Me-BI are shown in Table 
4.2. 
F-BI (C12H11FN2O). X-ray intensity data from a yellow needle were collected at 
100(2) K using a Bruker D8 QUEST diffractometer equipped with a PHOTON 100 
CMOS area detector and an Incoatec microfocus source (Mo Kα radiation, λ = 0.71073 
Å).70 The raw area detector data frames were reduced and corrected for absorption effects 
using the SAINT+ and SADABS programs.70 Final unit cell parameters were determined 
by least-squares refinement of 9171 reflections taken from the data set. The structure was 
solved by direct methods with SHELXT.71,72 Subsequent difference Fourier calculations 
and full-matrix least-squares refinement against F2 were performed with SHELXL-
201471,72 using OLEX2.73 
The compound crystallizes in the monoclinic system. Systematic absences in the 
intensity data were consistent with the space group P21/c, which was confirmed by 
structure solution. The asymmetric unit consists of one molecule. All non-hydrogen 
atoms were refined with anisotropic displacement parameters. Hydrogen atoms bonded to 
carbon were located in Fourier difference maps. Arene hydrogens were refined freely. 
Methyl hydrogens were placed in geometrically idealized positions included as riding 
atoms with d(C-H) = 0.98 Å and Uiso(H) = 1.5Ueq(C). The methyl hydrogens were 
allowed to rotate as a rigid group to the orientation of maximum observed electron 
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density. The largest residual electron density peak in the final difference map is 0.36 
e/Å3, located 0.72 Å from C2. The crystallographic data for F-BI are shown in Table 4.3. 
Cl-BI (C12H11ClN2O). Crystals formed as abundant thin colorless plates, with 
lamellar twinning visually evident. Most crystals examined showed pairs of closely 
spaced diffraction maxima corresponding to two twin domains. Using the Bruker Cell 
Now program,2 reflections from a set of 392 from the dataset were indexed entirely to 
two domains with the reported unit cell parameters. The derived twin law, relating 
indices of one domain to those of the other, is (-1 0 0 / 0 -1 0 / 0.158 0.183 1). This 
corresponds to a rotation of 180° about the reciprocal-space [001] axis. X-ray intensity 
data were collected at 100(2) K using a Bruker D8 QUEST diffractometer equipped with 
a PHOTON 100 CMOS area detector and an Incoatec microfocus source (Mo Kα 
radiation, λ = 0.71073 Å).70 A crystal-to-detector distance of 60 mm was used to increase 
spot separation. The raw area detector data frames were reduced and corrected for 
absorption effects using the SAINT+ and TWINABS programs.70 TWINABS also 
constructed SHELX HKLF-4 and HKLF-5 format reflection files for solution and 
refinement, respectively. Final unit cell parameters were determined by least-squares 
refinement of 4845 reflections in the range 5.6° < 2θ < 49.4° taken from both twin 
domains of the crystal. The structure was solved by dual-space methods with SHELXT.5 
Subsequent difference Fourier calculations and full-matrix least-squares refinement 
against F2 were performed with SHELXL-201471,72 using OLEX2.73 The volume fraction 
of the major twin component refined to 0.688(1). 
The compound crystallizes in the triclinic system. The space group P-1 was 
confirmed by structure solution. The asymmetric unit consists of two crystallographically 
independent but chemically identical molecules. Atoms of the two molecules were 
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numbered identically except for label suffixes A or B. All non-hydrogen atoms were 
refined with anisotropic displacement parameters. Hydrogen atoms bonded to carbon 
were located in Fourier difference maps before being placed in geometrically idealized 
positions included as riding atoms with d(C-H) = 0.95 Å and Uiso(H) = 1.2Ueq(C) for 
arene hydrogen atoms and d(C-H) = 0.98 Å and Uiso(H) = 1.5Ueq(C) for methyl 
hydrogens. The methyl hydrogens were allowed to rotate as a rigid group to the 
orientation of maximum observed electron density. The largest residual electron density 
peak in the final difference map is 0.54 e/Å3, located 0.63 Å from H9A. The 
crystallographic data for Cl-BI are shown in Table 4.3. 
Br-BI (C12H11BrN2O). Crystals formed as abundant thin colorless plates, with 
lamellar twinning visually evident. Most crystals examined showed pairs of closely 
spaced diffraction maxima corresponding to two twin domains. Using the Bruker 
Cell_Now program,70 reflections from a set of 365 from the dataset were indexed entirely 
to two domains with the reported unit cell parameters. The derived twin law, relating 
indices of one domain to those of the other, is (-1 0 0 / 0 -1 0 / 0.125 0.145 1). This 
corresponds to a rotation of 180° about the reciprocal-space [001] axis. X-ray intensity 
data were collected at 100(2) K using a Bruker D8 QUEST diffractometer equipped with 
a PHOTON 100 CMOS area detector and an Incoatec microfocus source (Mo Kα 
radiation, λ = 0.71073 Å).70 A crystal-to-detector distance of 60 mm was used to increase 
spot separation. The raw area detector data frames were reduced and corrected for 
absorption effects using the SAINT+ and TWINABS programs.70 TWINABS also 
constructed SHELX HKLF-4 and HKLF-5 format reflection files for solution and 
refinement, respectively. Final unit cell parameters were determined by least-squares 
refinement of 6090 reflections in the range 5.7° < 2θ < 50.2° taken from both twin 
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domains of the crystal. The structure was solved by Patterson methods with SHELXS.5 
Subsequent difference Fourier calculations and full-matrix least-squares refinement 
against F2 were performed with SHELXL-201471,72 using OLEX2.73 The crystal is 
composed of nearly equal volumes of each twin domain, with the major fraction refining 
to 0.505(1). 
The compound crystallizes in the triclinic system. The space group P-1 was 
confirmed by structure solution. The asymmetric unit consists of two crystallographically 
independent but chemically identical molecules. Atoms of the two molecules were 
numbered identically except for label suffixes A or B. All non-hydrogen atoms were 
refined with anisotropic displacement parameters. Hydrogen atoms bonded to carbon 
were located in Fourier difference maps before being placed in geometrically idealized 
positions included as riding atoms with d(C-H) = 0.95 Å and Uiso(H) = 1.2Ueq(C) for 
arene hydrogen atoms and d(C-H) = 0.98 Å and Uiso(H) = 1.5Ueq(C) for methyl 
hydrogens. The methyl hydrogens were allowed to rotate as a rigid group to the 
orientation of maximum observed electron density. The largest residual electron density 
peak in the final difference map is 0.49 e/Å3, located 1.53 Å from Br1B. The 
crystallographic data for Br-BI are shown in Table 4.3. 
Fluorescence spectroscopy 
Steady-state emission spectra were acquired on an Edinburgh FS5 fluorescence 
spectrometer equipped with a 150 W Continuous Wave Xenon Lamp source for 
excitation. Emission measurements on solid samples were collected on powders of the 
appropriate materials and placed inside a 0.5 mm quartz sample holder using the front-
facing module. An Ocean Optics JAZ spectrometer was also used to record the emission 
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response. In this case, a mounted high-power 365 nm LED (M365L2, Thorlabs) was used 
as the excitation source. 
Other physical measurements 
FT-IR spectra were obtained on a Perkin-Elmer Spectrum 100. NMR spectra were 
collected on Bruker Avance III-HD 300 and Bruker Avance III 400 MHz NMR 
spectrometers. The 13C and 1H spectra were referenced to natural abundance 13C peaks 
and residual 1H peaks of deuterated solvents, respectively. Powder X-ray diffraction 
patterns were recorded on a Rigaku Miniflex II diffractometer with accelerating voltage 
and current of 30 kV and 15 mA, respectively. A Waters QTOF-I quadrupole time-of-
flight mass-spectrometer was used to record the electrospray ionization mass-spectra. 
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Table 4.1. X-ray structure refinement data for OH-oHBIa, Me-oHBIa, tBu-oHBIa, and 
EC-oHBIa. 
compound OH-oHBI Me-oHBI tBu-oHBI EC-oHBI 
formula C12H12N2O3 C13H14N2O C16H20N2O2 C15H16N2O4 
FW 232.24 214.26 272.34 288.30 
T, K 100(2) 100(2) 100(2) 100(2) 
crystal system triclinic monoclinic monoclinic monoclinic 
space group P-1 P21/c C2/m P21/n 
Z 2 4 4 4 
a, Å 7.0858(2) 7.5769(2) 14.4323(11) 6.8414(2) 
b, Å 7.1022(2) 21.9043(7) 6.9502(6) 17.9762(4) 
c, Å 11.1505(4) 7.5614(2) 14.6149(13) 10.9752(3) 
α, ° 79.6940(10) 90 90 90 
β, ° 78.5020(10) 118.2530(10) 105.291(3) 93.9840(10) 
γ, ° 78.2650(10) 90 90 90 
V, Å3 532.76(3) 1105.43(6) 1414.1(2) 1346.49(6) 
dcalc, g/cm
3 1.448 1.287 1.279 1.422 
μ, mm-1 0.106 0.083 0.085 0.104 
F(000) 244.0 456.0 584.0 608.0 
crystal size, mm3 
0.22×0.16× 
0.03 
0.38 × 0.34 × 
0.25 
0.45 × 0.38 × 
0.35 
0.42 × 0.22 × 
0.1 
theta range 5.92 to 56.642 6.104 to 56.626 5.78 to 60.048 
4.356 to 
56.608 
index ranges 
–9 ≤ h ≤ 9 
–9 ≤ k ≤ 9 
–14 ≤ l ≤ 14 
-10 ≤ h ≤ 10 
-29 ≤ k ≤ 29 
-9 ≤ l ≤ 10 
-17 ≤ h ≤ 20 
-9 ≤ k ≤ 9 
-20 ≤ l ≤ 20 
-9 ≤ h ≤ 9 
-23 ≤ k ≤ 23 
-14 ≤ l ≤ 14 
refl. collected 31101 41008 41393 47772 
data/restraints/ 
parameters 2646/0/181 2742/0/169 2229/0/138 3346/0/213 
GOF on F2 1.046 1.048 1.047 1.052 
Largest peak/ 
hole, e/Å3 
0.40/-0.18 0.38/-0.33 0.47/-0.18 0.35/-0.27 
R1/wR2, 
[I ≥ 2sigma(I)]b 0.0326/0.0884 0.0373/0.0974 0.0357/0.0999 0.0415/0.0981 
a Mo-Kα (λ = 0.71073Å) radiation 
b R1 = Σ||Fo| - |Fc||/ Σ |Fo|, wR2 = {Σ [w(Fo2-Fc2)2]/ Σ [w(Fo2)2]}1/2
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Table 4.2. X-ray structure refinement data for F-oHBIa, Cl-oHBIa, Me-BIa, and MeO-BIa. 
compound F-oHBI Cl-oHBI Me-BI MeO-BI 
Formula C12H11FN2O2 C12H11ClN2O2 C13H14N2O C13H14N2O2 
FW 234.23 250.68 214.26 230.26 
T, K 100(2) 100(2) 100(2) 100(2) 
crystal system monoclinic triclinic monoclinic monoclinic 
space group P21/n P-1 P21/c P21/n 
Z 4 2 4 4 
a, Å 5.7373(2) 6.8751(2) 7.5769(2) 7.7694(3) 
b, Å 26.2795(8) 8.0439(2) 21.9043(7) 20.7150(8) 
c, Å 7.3317(2) 10.0589(3) 7.5614(2) 7.7727(3) 
α, ° 90 92.1523(13) 90 90 
β, ° 102.1460(10) 96.7115(12) 118.2530(10) 115.3854(11) 
γ, ° 90 98.5268(12) 90 90 
V, Å3 1080.68(6) 545.51(3) 1105.43(6) 1130.17(8) 
dcalc, g/cm
3 1.440 1.526 1.287 1.353 
μ, mm-1 0.111 0.340 0.083 0.093 
F(000) 488.0 260.0 456.0 488.0 
crystal size, mm3 
0.36 × 0.32 × 
0.24 
0.22 × 0.16 × 
0.08 
0.38 × 0.34 × 
0.25 
0.54 × 0.16 × 
0.04 
theta range 5.892 to 60.114 
5.128 to 
60.076 
6.104 to 
56.626 6.126 to 60.06 
index ranges 
-8 ≤ h ≤ 8 
-37 ≤ k ≤ 37  
-10 ≤ l ≤ 10 
-9 ≤ h ≤ 9 
-11 ≤ k ≤ 11 
 -14 ≤ l ≤ 14 
-10 ≤ h ≤ 10 
-29 ≤ k ≤ 29 
-9 ≤ l ≤ 10 
-10 ≤ h ≤ 10 
-29 ≤ k ≤ 29  
-10 ≤ l ≤ 10 
refl. collected 63522 29542 41008 55632 
data/restraints/ 
parameters 3167/0/177 3195/0/177 2742/0/169 3298/0/178 
GOF on F2 1.053 1.038 1.048 1.044 
Largest peak/ 
hole, e/Å3 
0.42/-0.33 0.48/-0.36 0.38/-0.33 0.47/-0.22 
R1/wR2, 
[I ≥ 2sigma(I)]b 0.0422/0.1134 0.0316/0.0781 0.0373/0.0974 0.0375/0.0973 
a Mo-Kα (λ = 0.71073Å) radiation 
b R1 = Σ||Fo| - |Fc||/ Σ |Fo|, wR2 = {Σ [w(Fo2-Fc2)2]/ Σ [w(Fo2)2]}1/2 
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Table 4.3. X-ray structure refinement data for F-BIa, Cl-BIa, and Br-BIa. 
compound F-BI Cl-BI Br-BI 
Formula C12H11FN2O C12H11ClN2O C12H11BrN2O 
FW 218.23 234.68 279.14 
T, K 100(2) 100(2) 100(2) 
crystal system monoclinic triclinic triclinic 
space group P21/c P-1 P-1 
Z 4 4 4 
a, Å 6.9804(5) 7.4018(10) 7.5315(6) 
b, Å 11.3198(7) 8.1588(11) 8.0931(7) 
c, Å 13.3247(8) 20.397(3) 20.7005(16) 
α, ° 90 91.395(4) 91.050(2) 
β, ° 103.543(2) 90.755(4) 90.542(2) 
γ, ° 90 117.298(3) 117.540(2) 
V, Å3 1023.60(12) 1093.8(3) 1118.37(16) 
dcalc, g/cm
3 1.416 1.425 1.658 
μ, mm-1 0.105 0.327 3.654 
F(000) 456.0 488.0 560.0 
crystal size, mm3 0.6 × 0.1 × 0.06 0.22 × 0.2 × 0.02 0.22 × 0.16 × 0.02 
theta range 4.778 to 55.878 5.622 to 50.054 5.678 to 52.996 
index ranges 
-9 ≤ h ≤ 9 
-14 ≤ k ≤ 14 
-17 ≤ l ≤ 17 
-8 ≤ h ≤ 8 
-9 ≤ k ≤ 9 
0 ≤ l ≤ 24 
-9 ≤ h ≤ 9 
-10 ≤ k ≤ 10 
0 ≤ l ≤ 25 
refl. collected 53568 3977 5366 
data/restraints/ 
parameters 2442/0/168 3977/0/295 5366/0/294 
GOF on F2 1.143 0.981 0.995 
Largest peak/ 
hole, e/Å3 
0.36/-0.24 0.54/-0.30 0.49/-0.60 
R1/wR2, 
[I ≥ 2sigma(I)]b 0.0529/0.1538 0.0480/0.0868 0.0357/0.0582 
a Mo-Kα (λ = 0.71073Å) radiation 
b R1 = Σ||Fo| - |Fc||/ Σ |Fo|, wR2 = {Σ [w(Fo2-Fc2)2]/ Σ [w(Fo2)2]}1/2
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Photophysics and dynamics of chromophores with a benzylidene imidazolinone 
core, responsible for emission of green fluorescent protein variants, were studied as a 
function of host topology by three approaches. Coordinative, non-coordinative, and 
‘‘fastened’’ immobilization were utilized to study chromophore emission. Variable-
temperature quadrupolar spin-echo 2H NMR spectra are reported. 
INTRODUCTION 
The unique properties of green fluorescent protein (GFP) started the revolution in 
mapping gene expression and imaging living cells,1–3 which provokes great interest 
towards photophysics and dynamics of the chromophores responsible for protein 
emission. One of the main challenges lies in the maintenance of the photophysical 
response of artificially synthesized chromophores with a benzylidene imidazolinone (BI) 
core (e.g., 4-hydroxybenzylidine imidazolinone (HBI)),4 i.e., mimicking the local 
environment of the protein b-barrel. 
Synthetic BI-based chromophores exhibit a drastic decrease in fluorescence 
intensity (i.e., outside of confined environment) in comparison with their natural 
analogs.4 Such a drastic difference in chromophore behavior could be explained by the 
fact that the rigid structure of the protein b-barrel efficiently suppresses low-energy 
vibrational modes of the chromophore, which results in bright emission. Recently, we 
showed that metal-organic frameworks (MOFs) can be utilized as a mimic of the GFP b- 
barrel, restoring chromophore emission.5–8 We have also explored the possibility to 
utilize BI-based chromophores for engineering of multichromophore scaffolds with 
relatively efficient ligand-to-ligand energy transfer (ET).5–8 However, the further
 155 
development of GFP-like systems with directional ET towards practical applications 
(e.g., for photocatalysis) requires fundamental understanding of the photophysics of 
confined chromophores inside a rigid matrix to properly align the required donor–
acceptor spectral overlap.9 The first step toward this goal is the understanding of how the 
framework environment influences the photophysical response of a chromophore. As 
previously shown, BI-based chromophore emission depends on a number of factors 
including solvent, pH, and presence (or absence) of reducing agents.10–11 Furthermore, a 
drastic difference in the chromophore photophysical response could be achieved through 
its restricted confinement inside a rigid matrix.12–17 In the presented studies, we aimed to 
gain mechanistic insights to predict the photophysical response through the utilization of 
three distinct Approaches (I–III). Fundamental understanding of photophysics of 
confined chromophores is a key parameter for development of materials for solid-state 
lighting, as well as systems with directional ET for efficient photocatalysis.18–22 
To shed light on photophysics and dynamics of BI-based chromophores, we 
focused on: non-coordinative chromophore inclusion inside eight frameworks with 
distinct topologies and pore apertures (Approach I, Figure 5.1); ‘‘fastened’’ chromophore 
immobilization inside a MOF through peptide bond coupling (Approach II, Figure 5.2); 
and coordinative immobilization of a chromophore inside the framework (i.e., 
chromophore is the MOF linker, Approach III, Figure 5.3). In Approach III, chromophore 
dynamics were probed by variable-temperature quadrupolar spin-echo solid-state 2H 
NMR spectroscopy (Figure 5.3). Approach I revolved around understanding the effect of 
a MOF local environment on chromophore photophysics in a series of eight different 
MOFs with a wide variety of topologies. As a model chromophore, we have chosen 5-(2-
hydroxy-5-methoxybenzylidene)-2,3-dimethyl-3,5-dihydro-4H-imidazol-4-one (MeO-
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oHBI, Figure 5.1) due to the drastic dependence of its emission profile (>100 nm shift) 
on chromophore local environment. The main criteria for the scaffold choice were (i) a 
sufficient pore size for chromophore inclusion, (ii) framework integrity after 
chromophore incorpora tion, and (iii) the presence of metal nodes consisting of d0 or d10 
metals to avoid fluorescence quenching. Figure 5.1 shows the chosen MOFs with the 
pore size varied from 8 Å to 25 Å prepared from zinc or zirconium salts and 
corresponding linkers. For instance, Zn3(BTB)2 (BTB3- = benzene-1,3,5-tribenzoate) 
possesses one-dimensional (1D) channels with a pore size of 13 × 22 Å, while 3D 
Zn6(BTB)4(BP)2 (BP = 4,4¢-bipyridyl) has a pore size of 12 × 14 Å. We have also 
prepared a series of the isoreticular MOFs: UiO-66, UiO-67, and UiO-68-NH2 with a 
pore size ranging from 8 Å to 22 Å (Figure 5.1). Non-coordinative immobilization of a 
chromophore inside the framework was carried out during MOF formation, i.e., the 
corresponding metal salt, linker, and chromophore were heated in the same reaction 
vessel simultaneously. Afterwards, the prepared chromophore@MOF was thoroughly 
washed with N,N-dimethylformamide (DMF) to remove any excess of the chromophore 
deposited on the MOF surface. Solid-state photoluminescence spectroscopy was 
employed to study the chromophore@MOF photophysical response. As shown in Figure 
5.1, the emission maximum of chosen MeO-oHBI incorporated inside the scaffold varied 
from 508 to 608 nm, and therefore, it is significantly hypsochromically shifted in 
comparison with chromophore solid-state emission (lmax = 649 nm, lex = 350 nm). 
For instance, MeO-oHBI immobilized inside Zn3(BTC)2 (BTC3- = benzene-1,3,5-
tricarboxylate) has an emission maximum at 515 nm (lex = 350 nm), which correlates 
with the emission maximum in DMF solution (lmax = 518 nm, lex = 350 nm, Figure 5.1). 
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The observed tendency could be explained by possible interactions of the chromophore 
with residual solvent molecules (e.g., DMF) and/or on van der Waals host–guest 
interactions. Our attempts to remove the residual solvent molecules resulted in a  
 
 
Figure 5.1. (top) Single-crystal X-ray structure of MeO-oHBI. Thermal ellipsoids 
are shown at a 60% probability level. Blue, red, grey, and white spheres represent 
N, O, C, and H atoms, respectively. Emission of MeO-oHBI in DMF (left, lmax = 
518 nm; lex = 365 nm), solid state (middle, lmax = 649 nm; lex = 365 nm), and 
inside Zn3(BTC)2 (right, lmax = 515 nm; lex = 365 nm). (bottom) The synthesized 
Zn4O(BDC)3 (MOF-5), Zn3(BTC)2, Zr6O4(OH)4(BTB)2, Zn3(BTB)2, 
Zn6(BTB)4(BP)2, Zr6O4(OH)4(BDC)6 (UiO-66), Zr6O4(OH)4(BPDC)6 (UiO-67, 
BPDC2- = biphenyl-4,4¢-dicarboxylate)), and Zr6O4(OH)4(TPDC-NH2)6 (UiO-68-
NH2, TPDC-NH22- = 2¢-amino-terphenyl-4,4¢-dicarboxylate). Emission maxima 
are shown for MeO-oHBI@MOFs. The solid blue lines correspond to normalized 
emission of MeO-oHBI@MOF and the grey dashed lines correspond to 
normalized emission of the framework itself. The excitation wavelength for 
chromophore@MOF is 350 nm. 
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bathochromic shift of the chromophore@MOF photophysical profile towards the 
maximum observed for solid-state emission, which is also in line with our hypothesis of 
possible chromophore–solvent interactions. To summarize, despite framework topology 
(i) the chromophore@MOF, emission is hypsochromically shifted in comparison with 
solid-state chromophore emission and (ii) all the chromophore@MOF materials prepared 
in DMF exhibit green emission, which is in line with chromophore behaviour in solution 
rather than in the solid state. Thus, MeO-oHBI inside the confined environment 
drastically changed its emission from red, which is characteristic of its solid-state 
photoluminescence, to green observed for chromophore solution in DMF. 
Approach II focuses on a novel concept of ‘‘fastened’’ chromophore 
immobilization inside a framework of choice. In contrast to non-coordinative 
immobilization described in Approach I (vide supra), which is based on van der Waals 
host– guest interactions, ‘‘fastened’’ immobilization occurs through anchoring of a 
chromophore through bond formation.23–26 In the case of ‘‘fastened’’ immobilization, a 
chromophore is incorporated within a porous host in a manner similar to a protein: only 
one side of the chromophore is anchored (Figure 5.2). To utilize this approach, we 
prepared two new chromophores, 4-((1,2-dimethyl-5-oxo-1,5-dihydro-4H-imidazol-4-
ylidene)methyl)benzoic acid (pCOOH-BI) and 4-((1-(carboxymethyl)-2-methyl-5-oxo-
1,5-dihydro-4H-imidazol-4-ylidene)methyl)benzoic acid (pCOOH-BI-CO2Me), which 
single-crystal X-ray structures are shown in Figure 5.2. Full details on chromophore 
characterization can be found in the experimental section. Both chromophores possess the 
–COOH group, while linkers in the prepared hosts, MIL-101-Al-NH2 and UiO-68-NH2 
(Figure 5.2), contain the –NH2 group for peptide bond formation. Notably, both MOFs 
possess a large pore size (>25 Å) suitable for efficient peptide coupling. 
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Thus, anchoring of pCOOH-BI and pCOOH-BI-CO2Me chromophores to the 
interior of MIL-101-Al-NH2 and UiO-68-NH2 occurred through a peptide coupling 
between the amino group on the MOF linker and a carboxylic acid group of the 
chromophore benzene ring in the presence of a coupling agent such as N,N¢-
diisopropylcarbodiimide. 
As a result of ‘‘fastened’’ immobilization, we observed the appearance of a new 
band on the emission profile of the prepared material. After confirmation of chromophore 
incorporation by spectroscopic studies, we attributed the observed changes in emission to 
‘‘fastened’’ chromophore immobilization. The emission maxima of pCOOH-BI and 
pCOOH-BI-CO2Me in the solid state are 451 and 449 nm (lex = 350 nm) respectively, 
and therefore, their anchoring led to a shift of chromophore emission profiles to the green 
region. This approach (Approach II) could be considered as a ‘‘hybrid’’ between non-
coordinative (Approach I) and coordinative (Approach III) immobilization. Anchoring 
only one side of a chromophore allows more degrees of freedom for molecule dynamics 
than coordinative immobilization (a chromophore as a linker, Approach III (vide infra) 
but, at the same time, prevents chromophore leaching outside the pores in the case of 
frameworks with large apertures. Thus, ‘‘fastened’’ immobilization opens another avenue 
to restrict low-energy vibrational modes and therefore, maintain chromophore 
photoluminescence.  
In Approach III, a chromophore was coordinatively immobilized inside a 
framework, i.e., the chromophore was a part of the MOF linker (Figure 5.3). We 
synthesized 2-((1-(2-mehoxy-2-oxoethyl)-2-methyl-5-oxo-1,5-dihydro-4H-imidazol-4-
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ylidene)methyl)-[1,10-biphenyl]-4,40-dicarboxylate (BDC-BI2—)6 in order to introduce a 
sufficient amount of the deuterated tag and therefore, have the opportunity to shed light 
 
 
 
Figure 5.2. (a) GFP with incorporated 4-hydroxybenzylidene 
imidazolinone (HBI). (b) pCOOH-BI-CO2Me@UiO-68-NH2 prepared 
though ‘‘fastened’’ immobilization. (c) Normalized emission spectra of 
UiO-68-NH2 (black), pCOOH-BI@UiO-68-NH2 (blue), and pCOOH-BI-
CO2Me@UiO-68-NH2 (green) obtained through peptide coupling (lex = 
350 nm). Inset shows a photograph of UiO-68-NH2 coupled with pCOOH-
BI-CHO2Me under irradiation at 365 nm. (d) Single-crystal X-ray 
structures of pCOOH-BI and pCOOH-BI-CH2CO2Me chromophores. 
Thermal ellipsoids are shown at a 60% probability level. Blue, red, grey, 
and white spheres represent N, O, C, and H atoms, respectively. 
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on chromophore dynamics through variable temperature (VT) quadrupolar spin-echo 
solid-state 2H NMR experiments. The Zr6O4(OH)4(BDC-BI)6 MOF was prepared through 
a direct solvothermal synthesis, i.e. heating of ZrCl4 and the deuterated H2BDC-BI-d3 
linker in DMF-d7 with addition of CF3COOD at 120 °C for 72 h. The synthesized MOF 
emits in the green region6 and possesses the required thermal stability for VT studies and 
contains sufficient amount of a deuterated tag to perform quadrupolar spin-echo 2H NMR 
experiments. 
Solid-state 2H NMR experiments performed in the temperature range from 25 °C 
(298 K) to 150 °C (423 K) are shown in Figure 5.3. The solid-state 2H NMR spectra at all 
temperatures included deuterium resonances with three unique modes of motion (Figure 
5.3). Two of these can be attributed to remaining DMF-d7 molecules. The methyl groups 
of DMF can undergo fast rotation around multiple axes and this peak has a narrow 
‘‘quasi-isotropic’’ (Lorentzian) shape that becomes more prominent at intermediate 
temperatures.27–28 The outer ‘‘horns’’ in the spectra are from a wide Pake pattern 
produced by the more restricted motion of the carbonyl bonded deuteron. The simulated 
quadrupole line-shape fit of this resonance at 298 K (Figure 5.3) is consistent with only a 
two-fold rotational motion about the C–O bond axis at or near its static limit (i.e., less 
than 50 kHz). As expected, at higher temperatures this Pake pattern collapses, however it 
is not possible to simulate these shapes due to overlap with the other deuterium types 
present. Further evidence to support the DMF assignments is that the intensity of both of 
these components was slowly reduced at higher temperatures. The DMF intensity was not 
regained when the analysis was repeated at lower temperatures. This suggests that DMF 
was driven off over the course of the variable temperature experiment. Our attempts to  
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Figure 5.3. (left, top) The solid-state 2H NMR spectrum of Zr6O4(OH)4(BDC-
BI-d3)6. (left, bottom) Simulated 2H NMR spectrum composed of (a) narrow 
isotropic signal from rotation of DMF methyl groups (a yellow dashed line), 
rotation of restricted DMF molecules (a purple dashed line), and a Pake 
pattern from free rotation of CD3 group of BI-ligand (green dashed line). 
(right) Variable temperature quadrupolar spin-echo solid state 2H NMR 
spectra of Zr6O4(OH)4(BDC-BI-d3)6. 
avoid interference of residual DMF with chromophore dynamics through complete 
solvent removal were not successful due to framework decomposition. The remaining 2H 
resonance, that appears as a dynamically narrowed Pake pattern, is from the CD3 group of 
the H2BDC-BI-d3 ligand. The obtained line-shape with residual ~33 kHz splitting can be 
simulated as a very fast (425 MHz) three-fold rotation with a quadrupole coupling 
constant of 120 kHz and a cone angle of 70.51 (Figure 5.3). This line-shape is observed 
at 298 K, so we can conclude that the motion responsible for this line shape is fast on the 
2H NMR time-scale even at room temperature and that the methyl group has no steric 
interference. This line-shape shows further narrowing at the highest temperatures, which 
possibly suggests activation of an additional rotation component (i.e., Z/E isomerization). 
However, further heating of the MOF sample could not be performed without structural 
collapse. Despite the fact that Z/E isomerization can occur in the framework with 
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irradiation at 365 nm,3d there is no evidence that the flip around this single bond can be 
thermally activated based on the performed quadrupolar spin-echo 2H NMR experiments. 
The foregoing results demonstrate that a rigid host can drastically affect the 
photophysics of chromophores incorporated inside a MOF through non-coordinative, 
‘‘fastened’’, and coordinative approaches (Approaches I–III). As shown in the example 
of MeO-oHBI immobilized into eight different scaffolds, chromophore@MOF replicates 
chromophore emission in solution rather than in the solid state (Approach I). 
Furthermore, the hypsochromic shift of the emission maximum of the confined 
chromophore can exceed 100 nm in comparison with its solid-state emission. We have 
also demonstrated for the first time that ‘‘fastened’’ immobilization inside a rigid 
framework through anchoring only one side of a chromophore could be utilized as an 
alternative way to affect a chromophore photophysical response (Approach II). This 
approach allows more freedom for chromophore dynamics, but still maintains 
chromophore photoluminescence. Dynamics of the coordinatively immobilized BI-
containing chromophore were probed by variable-temperature spin-echo solid-state 2H 
NMR spectroscopy at 25–150 1C (Approach III). 
EXPERIMENTAL SECTION 
Materials 
Zn(NO3)2×6H2O (technical grade, Ward’s Science), ZrCl4 (99.5%, Alfa Aesar), 
Zr(NO3)4×5H2O (99.99%, Energy Chemical), AlCl3×6H2O (99%, Alfa Aesar), CsF (99%, 
Oakwood Chemical), KOH (ACS grade, Fisher Chemical), K2CO3 (ACS grade, BDH), 
1,3,5-benzenetricarboxylic acid (98%, Alfa Aesar), terephthalic acid (>99%, TCI 
America), 2-aminoterephthalic acid (>98%, TCI America), 4,4’-biphenyldicarboxylic 
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acid (97%, Oakwood Chemical), 1,3,5-tribromobenzene (> 95%, Matrix Scientific), 4-
methoxycarbonyl phenylboronic acid (>97%, Boronic Molecular), 4-
carboxyphenylboronic acid (99.5%, Chem-Impex International Inc.), 2,5-dibromoaniline 
(97%, Oakwood Chemical), palladium(II) acetate (> 95%, Ox-Chem), 
triphenylphosphine (99%, Sigma-Aldrich), polyethylene glycol 400 (lab grade, Merck 
Millipore), 2-hydroxy-5-methoxy-benzaldehyde (95%, Oxchem), 4-carboxybenzaldehyde 
(99%, Chem-Impex International Inc.), N,N′-diisopropylcarbodiimide (DIC, >99%, 
Oakwood Chemical), glycine methyl ester hydrochloride (98%, Acros Organics), ethyl 
acetimidate hydrochloride (97%, Alfa Aesar), methyl-amine (33% solution in absolute 
ethanol, Sigma Aldrich), 4-bromo-3-methyl benzoic acid methyl ester (99.1%, Chem-
Impex International Inc.), chromium(VI) oxide (99.9%, Sigma-Aldrich), trans-
dichlorobis(triphenyl-phosphine)palladium(II) (99%, Strem Chemicals), sodium 
hydroxide (ACS grade, Macron Fine Chemicals), acetic anhydride (99.6%, Chem-Impex 
International Inc.), sulfuric acid (ACS grade, Fischer Scientific), hydrochloric acid (ACS 
grade, Fischer Scientific), glacial acetic acid (ACS grade, BDH), trifluoroacetic acid 
(99%, Sigma Aldrich), diethyl ether (ACS grade, J. T. Baker® Chemicals), N,N’-
dimethylformamide (ACS grade, BDH), hexane (ACS grade, Macron Fine Chemicals), 
tetrahydrofuran (ACS grade, Macron Fine Chemicals), ethanol (ACS grade, Decon 
Laboratories, Inc.), methanol (ACS grade, Fischer Scientific), acetonitrile (ACS grade, 
Fischer Scientific), DMSO-d6 (Cambridge Isotope Laboratories, Inc.), sodium 
deuteroxide (40% w/w solution in D2O, Alfa Aesar) and methanol-d4 (Cambridge Isotope 
Laboratories, Inc.) were used as received. 
The compounds methyl-2-((1-ethoxyethylidene)amino)acetate,29 5-(2-hydroxy-5-
methoxybenzylidene)-2,3-dimethyl-3,5-dihydro-4H-imidazol-4-one (MeO-oHBI),6 MIL-
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101-Al-NH2,23 Zn3(BTC)2 (BTC = benzene-1,3,5-tricarboxylate),30 MOF-5,31 UiO-66 
(UiO = University of Oslo),32 UiO-67,32 UiO-68-NH2,32 Zn3(BTB)2 (BTB =  benzene-
1,3,5-tribenzoate),33 Zn6(BTB)4(BP)2 (BP = 4,4’-bipyridyl),34 Zr6O4(OH)4(BTB)2,35 and 
Zr6O4(OH)4(BDC-BI)6 (BDC-BI = 2-((1-(2-methoxy-2-oxoethyl)-2-methyl-5-oxo-1,5-
dihydro-4H-imidazol-4-ylidene)methyl)-[1,1′-biphenyl]-4,4′-dicarboxylate)6 were 
prepared according to the reported procedures. 
Synthesis of 4-((1,2-dimethyl-5-oxo-1,5-dihydro-4H-imidazol-4-
ylidene)methyl)benzoic acid (C13H12N2O3, pCOOH-BI).  
The compound was prepared through adaptation of a literature procedure.29 A 
methylamine solution (33% in ethanol, 3.78 g, 40.2 mmol) was added to 4-
carboxybenzaldehyde (0.500 g, 3.30 mmol), and the resulting solution was stirred for 24 
h at room temperature. Methyl-2-((1-ethoxyethylidene)amino)acetate (0.830 g, 5.22 
mmol) and a catalytic amount of acetic acid (40.0 mg, 0.700 mmol) were added after 16 
h, and the resulted mixture was stirred vigorously for an additional 6 h at room 
temperature. The precipitate was collected by filtration, washed with water and diethyl 
ether and dried under vacuum overnight. After drying under vacuum, pCOOH-BI was 
isolated in 68% yield.  
1H NMR (DMSO-d6, 300 MHz): δ = 2.37 (3H, s), 2.38 (3H, s), 6.96 (1H, s), 7.87 
(2H, d, J = 7.91 Hz), 8.13 (2H, d, J = 8.32 Hz) (Figure 5.4).  
13C NMR (DMSO-d6, 400 MHz): δ = 15.87, 24.88, 26.75, 124.95, 129.57, 
131.59, 135.20, 139.43, 165.06, 169.42, 170.36 (Figure 5.4). IR (neat, cm-1): 2998, 1704, 
1649, 1580, 1532, 1424, 1366, 1289, 1180, 1131, 987, 931, 908, 865, 853, 814, 787, 763, 
704 (Figure 5.5). 
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 HRMS (ESI, m/z) calculated for C14H12N2O5 [M+H]+ 245.0921, found 245.0919. 
Single crystal X-ray data for pCOOH-BI are s hown in Table 1.1 and Figure 5.6. The 
emission profile is shown in Figure 5.10. 
 
 
Figure 5.4. 1H NMR (top) and 13C (bottom) NMR spectra of the 
synthesized pCOOH-BI chromophore.  
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Figure 5.5. FT-IR spectrum of pCOOH-BI. 
 
 
Figure 5.6. Crystal structure of pCOOH-BI. Asymmetric 
unit of the crystal. Displacement ellipsoids drawn at the 
60% probability level. Two independent chromophores 
and a region of solvent modeled as H2O/H3O+/MeOH. 
Blue, red, gray, and white spheres represent N, O, C, and 
H atoms, respectively. 
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4-((1-(carboxymethyl)-2-methyl-5-oxo-1,5-dihydro-4H-imidazol-4-
ylidene)methyl)benzoic acid (C14H12N2O5, pCOOH-BI-CO2Me) 
The prepared methyl-2-((1-ethoxyethylidene)amino)acetate (1.59 g, 9.99 mmol) 
was added to a solution of 4-carboxybenzaldehyde (0.500 g, 3.30 mmol) in 7.5 mL 
EtOH. After the resulted mixture was refluxed for 4 h, the yellow precipitate was 
collected through filtration and washed with ethanol, water and hexane. After drying 
under vacuum, pCOOH-BI-CO2Me was isolated in 65% yield. 1H NMR (DMSO-d6, 300 
MHz): δ = 2.34 (1H, s), 3.71 (3H, s), 4.24 (s, 2H), 7.08 (1H, s), 7.98 (d, 2H, J = 7.96 Hz), 
8.30 (d, 2H, J = 8.01 Hz), 13.2 (s, 1H) (Figure 5.7). 13C NMR (DMSO-d6, 400 MHz): δ = 
15.75, 41.72, 53.03, 124.61, 129.93, 131.90, 132.34, 138.37, 140.03, 165.18, 167.36, 
168.97, 169.81 (Figure 5.7). IR (neat, cm-1): 2548, 1683, 1650, 1554, 1412, 1366, 1319, 
1291, 1211, 1148, 986, 907, 865, 801, 778, 699 (Figure 5.8). HRMS (ESI, m/z) 
calculated for C14H12N2O5 [M+H]+ 303.0975, found 303.0973. Single crystal X-ray data 
for pCOOH-BI-CO2Me is shown in Table 5.1 and Figure 5.9. The emission profile is 
shown in Figure 5.10.  
X-ray crystal structure determination of pCOOH-BI-CO2Me (C14H12N2O5). 
X-ray intensity data from a colorless almond-shaped plates were collected at 100(2) 
K using a Bruker D8 QUEST diffractometer equipped with a PHOTON 100 CMOS area 
detector and an Incoatec microfocus source (Mo Kα radiation, λ = 0.71073 Å).10 The raw 
area detector data frames were reduced and corrected for absorption effects using the 
SAINT+ and SADABS programs.36 Final unit cell parameters were determined by least-
squares refinement of 7317 reflections taken from the data set. The structure was solved 
by direct methods with SHELXT.37–38 Subsequent difference Fourier calculations and 
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full-matrix least-squares refinement against F2 were performed with SHELXL-201437–38 
using OLEX2.39 
 
 
 
 
Figure 5.7. 1H (top) and 13C (bottom) NMR spectra of the synthesized pCOOH-
BI-CO2Me chromophore. 
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Figure 5.8. FT-IR spectrum of pCOOH-BI-CO2Me.  
 
 
Figure 5.9. (top) Molecular structure of pCOOH-BI-CO2Me. (bottom) 
Carboxylic acid dimers. Displacement ellipsoids drawn at the 50% probability 
level. Blue, red gray and white spheres represent N, O, C and H atoms, 
respectively. 
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Figure 5.10. Normalized emission spectra of pCOOH-BI (red) and pCOOH-
BI-CO2Me (blue) in the solid state (lex = 350 nm). The additional peak ~620 
nm for pCOOH-BI-CO2Me most probably corresponds to excimer 
formation. 
 
The compound crystallizes in the triclinic system. The space group P-1 was 
assumed and confirmed by structure solution. The asymmetric unit consists of two 
crystallographically independent but chemically similar molecules. The molecules were 
numbered identically except for label suffixes A or B. All non-hydrogen atoms were 
refined with anisotropic displacement parameters. Hydrogen atoms bonded to carbon 
were located in Fourier difference maps before being placed in geometrically idealized 
positions and included as riding atoms with d(C-H) = 0.95 Å for =CH hydrogen atoms, 
d(C–H) = 0.99 Å for methylene hydrogen atoms, and d(C–H) = 0.98 Å for methyl 
hydrogen atoms. The methyl hydrogen atoms were allowed to rotate as a rigid group to 
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the orientation of maximum observed electron density. Isotropic displacement parameters 
for these H atoms were allowed to refine freely. The carboxylic group hydrogen atoms 
were located in difference maps. H3A, H3B, and H5B (bonded to O3A, O3B and O5B, 
respectively) were refined freely. Two electron density peaks corresponding to hydrogen 
atoms were observed near both O4A and O5A, suggesting two-fold disorder of this 
carboxylic acid group. This correlates with the nearly equivalent C14A–O4A and C14A–
O5A bond distances (1.26 and 1.28 Å). Hydrogen atoms H4A and H5A were refined with 
half-occupancy with a common isotropic displacement parameter. The largest residual 
electron density peak in the final difference map is 0.90 e/Å3, located 0.98 Å from N2B. 
This and the other largest difference map features suggest minor whole-molecule disorder 
of molecule “B”. This disorder could not be successfully modeled because of its small 
population fraction, estimated at < 5% from trial modeling attempts. 
X-ray crystal structure determination of pCOOH-BI-CO2Me pCOOH-BI 
((C13H11N2O3H)(C13H11N2O3)(H2O)1.12(CH3OH)0.83). 
X-ray intensity data from a yellow rectangular bar crystal were collected at 100(2) 
K using a Bruker D8 QUEST diffractometer equipped with a PHOTON-100 CMOS area 
detector and an Incoatec microfocus source (Mo Ka  radiation, l = 0.71073 Å). The raw 
area detector data frames were reduced and corrected for absorption effects using the 
Bruker APEX3, SAINT+ and SADABS programs.36 Final unit cell parameters were 
determined by least-squares refinement of 9725 reflections taken from the data set. The 
structure was solved with SHELXT.337–38 Subsequent difference Fourier calculations and 
full-matrix least-squares refinement against F2 were performed with SHELXL-201611,12 
using OLEX2.39 
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The compound crystallizes in the triclinic system. The space group P-1 (No. 2) 
was confirmed by structure solution. The asymmetric unit consists of two 
crystallographically independent C13H11N2O3 molecules and a region of disordered 
electron density modeled as water and methanol. The two C13H11N2O3 molecules were 
numbered identically except for atom label suffixes A or B. Both are located near 
crystallographic inversion centers, with carboxylate oxygens O2B and O3A of each 
molecule close to a center. Carboxylic hydrogen atom positions could be located for O2B 
and O3A. They are disordered across the inversion center and were refined with half-
occupancy, producing reasonable H2B and H3A displacement parameters. This generates 
an average of one neutral (protonated) carboxylic and one anionic carboxylato species per 
formula unit, and requires a charge-balancing cationic species elsewhere in the crystal. 
The disordered solvent species were modeled with three water oxygen atoms and one 
methanol molecule. All solvent species refined to partial occupancy. The occupancies of 
methanol O1S/C1S and water O2S refined to 0.826(4) and 0.834(6), respectively, and 
water oxygens O3S and O4S to 0.172(4) and 0.116(5), respectively. The charge-
compensating proton necessary for crystal electroneutrality is likely located among these 
species, but could not be reliably located because of the disorder and was not calculated. 
It is likely distributed across multiple atoms. The methanolic proton H1S and two 
hydrogen atoms for major water of H3O+ disorder component O2S could be located and 
refined isotropically with d(O–H) = 0.85(2) Å distance restraints. All non-hydrogen 
atoms were refined with anisotropic displacement parameters except for minor water 
oxygens O3S and O4S, which were refined with a common isotropic displacement 
parameter. Hydrogen atoms bonded to carbon were located in Fourier difference maps 
before being placed in geometrically idealized positions and included as riding atoms 
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with d(C-H) = 0.95 Å and Uiso(H) = 1.2Ueq(C) for aromatic hydrogen atoms and d(C-H) 
= 0.98 Å and Uiso(H) = 1.5Ueq(C) for methyl hydrogens. The methyl hydrogen atoms 
were allowed to rotate as a rigid group to the orientation of maximum observed electron 
density. The largest residual electron density peak in the final difference map is 0.45 
e/Å3, located 1.05 Å from O1S. 
 
Synthesis of MeO-oHBI@MOF 
 Incorporation of MeO-oHBI inside MOFs was performed during solvothermal 
synthesis of corresponding framework. Solutions for preparation of MOFs (MOF-5, UiO-
67, UiO-66, Zn3(BTB)2, Zn6(BTB)4(BP)2, Zr6O4(OH)4(BTB)2, UiO-68-NH2) were made 
according to reported literature procedures, in which 50 mg of MeO-oHBI was added. 
The resulted solutions underwent solvothermal treatment reported for MOF formation. 
The obtained crystals were thoroughly washed with DMF to remove residual 
chromophore molecules on MOF surface. To extract the chromophore from the pores the 
MeO-oHBI@MOF samples were sonicated and soaked in DMF for more than 6 hours. 
The amount of chromophore inclusion was quantified using calibration curves obtained 
from solutions with known concentrations by UV-vis spectroscopy. Loadings of the 
chromophores after incorporation for MOF-5, UiO-67, UiO-66, Zn3(BTB)2, 
Zn6(BTB)4(BP)2, Zr6O4(OH)4(BTB)2, and UiO-68-NH2 were found to be 0.31, 0.47, 0.37, 
0.30, 0.48, 0.070, and 0.17 wt%, respectively. The PXRD patterns of the prepared MeO-
oHBI@MOF materials are shown in Figure 5.11.  
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Peptide coupling procedure 
After 35 mg of UiO-68-NH2 or MIL-101-Al-NH2 was soaked in 3 mL of 
acetonitrile for 10 min, 200 µL of N,N′-diisopropylcarbodiimide and 50 mg of 
corresponding chromophores were added. After the resulted mixture was heated at 100 
°C for 24h in a pressure flask, the solid material was isolated by filtration and washed 
three times with DMF.  
Digestion procedure. 
To study the composition of the obtained materials by 1H NMR spectroscopy, a 
solution of 450 µL of methanol-d4 and 10 µL of sodium deuteroxide was added to 5 mg 
of the resulted solid, followed by sonication until complete sample dissolution. The 1H 
NMR spectra of digested samples are shown in Figures 5.12-5.13. 
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             a)         b)   
c) d)  
e)  f)  
g)  
Figure 5.11. PXRD patterns: a) MeO-oHBI@UiO-
66, b) MeO-oHBI@UiO-67, c) MeO-oHBI@UiO-68-
NH2, d) MeO-oHBI@Zn3(BTB)2, e) MeO-
oHBI@Zn6(BTB)4(BP)2, f) MeO-
oHBI@Zr6O4(OH)4(BTB)2, g) MeO-oHBI@MOF-5. 
For each pair, the top spectrum is experimental, and 
the bottom spectrum is simulated. 
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Figure 5.12. (top) 1H NMR spectrum of digested UiO-68-NH2 
after “fastened” incorporation of pCOOH-BI. The peaks 
corresponding to UiO-68-NH2 (n) and pCOOH-BI (*) are 
labeled. (bottom) 1H NMR spectrum of digested UiO-68-NH2 
after “fastened” incorporation of pCOOH-BI-CO2Me. The 
peaks corresponding to UiO-68-NH2 (n) and pCOOH-BI-
CO2Me (*) are labeled. 
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Figure 5.13. (top) 1H NMR spectrum of digested MIL-101-Al-NH2 
after “fastened” incorporation of pCOOH-BI. The peaks corresponding 
to MIL-101-NH2 (n) and pCOOH-BI (*) are labeled. (bottom) 1H 
NMR spectrum of digested MIL-101-Al-NH2 after “fastened” 
incorporation of pCOOH-BI-CO2Me. The peaks corresponding to 
MIL-101-NH2 (n) and pCOOH-BI-CO2Me (*) are labeled. 
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Table 5.1. X-ray structure refinement data for pCOOH-BI-CO2Mea 
and pCOOH-BIa.  
 
compound pCOOH-BI-CO2Me pCOOH-BI 
formula C14H12N2O5 C26.82H28.56N4O7.9
5 
FW 288.26 534.12 
T, K 100(2) 100(2) 
crystal system triclinic triclinic 
space group P-1 P-1 
Z 4 2 
a, Å 9.8035(6) 7.2557(4) 
b, Å 11.4779(7) 12.9984(6) 
c, Å 12.3921(9) 14.6568(8) 
α, ° 98.095(2) 106.072(2) 
β, ° 96.276(2) 97.728(2) 
γ, ° 108.756(2) 95.999(2) 
V, Å3 1289.30(15) 1301.56(12) 
dcalc, g/cm3 1.485 1.363 
μ, mm-1 0.115 0.102 
F(000) 600.0 562.0 
crystal size, mm3 0.18 × 0.1 × 0.04 0.46 × 0.24 × 0.14 
theta range 4.592 to 50.054 5.02 to 55.512 
index ranges 
-10 ≤ h ≤ 11 
-13 ≤ k ≤ 13 
-14 ≤ l ≤ 14 
-9 ≤ h ≤ 9 
-17 ≤ k ≤ 17 
-19 ≤ l ≤ 19 
refl. collected 40894 54527 
data/restraints/ 
parameters 4552/2/420 6129/3/388 
GOF on F2 1.041 1.018 
Largest peak/ 
hole, e/Å3 0.90/-0.39 0.45/-0.29 
R1/wR2, [I ≥ 
2sigma(I)]b 0.0482/0.1126 0.0484/0.1166 
aMo-Kα (λ = 0.71073Å) radiation  
bR1 = Σ||Fo| - |Fc||/ Σ |Fo|, wR2 = {Σ [w(F0-Fc2)2]/S[w(F02)2]}1/2 
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CHAPTER 6 
ACTIVE SITES IN COPPER-BASED METAL-ORGANIC FRAMEWORKS: 
UNDERSTANDING SUBSTRATE DYNAMICS, REDOX PROCESSES, AND 
VALENCE-BAND STRUCTURE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
____________________ 
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We have developed an integrated approach that combines synthesis, X-ray 
photoelectron spectroscopy (XPS) studies, and theoretical calculations for the 
investigation of active unsaturated metal sites (UMS) in copper-based metal-organic 
frameworks (MOFs). Specifically, extensive reduction of Cu+2 to Cu+1 at the MOF metal 
nodes was achieved. Introduction of mixed valence copper sites resulted in significant 
changes in the valence band structure and an increased density of states near the Fermi 
edge, thereby altering the electronic properties of the copper-based framework. The 
development of mixed-valence MOFs also allowed tuning of selective adsorbate binding 
as a function of the UMS oxidation state. The presented studies could significantly 
impact the use of MOFs for heterogeneous catalysis and gas purification as well as 
foreshadow a new avenue for controlling the conductivity of typically insulating MOF 
materials. 
INTRODUCTION 
The use of metal-organic frameworks (MOFs) provides a unique and powerful 
opportunity for precise control over the architecture of reactive metal sites. The reactive 
metal centers in MOFs consist of unsaturated metal sites (UMS), which are typically 
formed by removing metal-coordinated solvents by heating under reduced pressure. The 
exploration of chemical activity at these UMS is critical for understanding MOF 
chemistry and also impacts a wide variety of related practical applications.1–16 For 
example, MOFs have proven to be effective materials for use in gas purification and 
storage,1,17–19 sensing,20 and enhanced catalytic activity.21–23 MOFs have also recently 
demonstrated great potential 
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catalysts are based on metal particles deposited on high surface area supports, such as 
metal oxides. However, control of active site geometry cannot be achieved through 
traditional catalyst preparation techniques such as wet impregnation; furthermore, 
changes in structure and composition of supported metal particles also occur upon 
heating and exposure to reactant gases24–28 due to sintering,29–31 surface 
reconstruction,32,33 and redistribution of metal atoms between the surface and the bulk. In 
contrast, the geometry and composition of UMS in MOFs can be synthetically tuned by 
the ligand and/or metal node design, fully characterized by single-crystal X-ray 
crystallography, and should remain unchanged under reaction conditions.  
The development of MOFs that can provide a high density of chemically active 
sites is a complex problem and should be tackled from many directions. In this work, we 
report a systematic and integrated approach that combines: optimization of MOF 
ligand/node design and synthetic methodology; X-ray photoelectron spectroscopy (XPS) 
studies for characterization of MOF UMS; and theoretical calculations that provide 
insight into the chemical processes occurring at the active UMS. Specifically, we have 
achieved the following: (1) extensive reduction of Cu+2 to Cu+1 at the MOF metal nodes 
while retaining the original MOF structure; (2) a change in the valence band structure and 
electronic properties of the MOF after significant reduction of Cu+2 to Cu+1; and (3) 
selective binding of adsorbates as a function of the UMS oxidation state. The described 
approach focusing on gas-solid state dynamics has great potential for industrial impact, 
given that the majority of industrial catalytic reactions occur in the gas phase. In contrast 
to liquid-phase studies, there have been only a few investigations of gas-phase reactions 
in a MOF matrix.34–37 Thus, we envision that the studies presented here will significantly 
impact the use of MOFs for heterogeneous catalysis and gas purification; in addition, this 
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work will also guide the development of new avenues for controlling the conductivity of 
typically insulating MOF materials.  
Results and discussion 
Cu+2/Cu+1 reduction at MOF metal nodes 
The initial criteria for the selection of MOFs to be studied by XPS were: high 
thermal stability, ability to retain the structure after MOF activation, and the presence of 
secondary building units consisting of coordinatively unsaturated metal ions at the MOF 
nodes. Additional restrictions, such as a difference in UMS ensemble sizes, were applied 
to the chosen MOFs to ensure an ability to explore the effect of UMS geometry. We also 
imposed the requirement that at least one of the chosen MOFs should possess a known 
behavior (e.g., activation procedure, synthesis, and thermal stability) and be very well 
characterized by a variety of solid-state techniques. In this manner, we can establish clear 
structure-property relationships based on our experimental data and theoretical 
calculations in combination with previously reported studies. As a result, 
Cu3(BTC)2(H2O)3 (1, BTC = benzene-1,3,5-tricarboxylate) and 
[Cu5(NIP)4(OH)2(H2O)6]·(H2O)5 (2, NIP = 5-nitroisophthalate) were chosen for synthesis 
(Figure 6.1). For preparation of 1, copper nitrate was heated in the presence of the 
H3BTC ligand at 75 °C for 24 h.38 Framework 2 was prepared by a solvothermal 
procedure, which includes heating of copper acetate and H2NIP at 100 °C for 48 h using 
water as a reaction medium.39 Prepared 1 and 2 were characterized by single-crystal and 
powder X-ray diffraction (PXRD), thermogravimetric analysis (TGA), and Fourier 
transform infrared (FTIR) spectroscopy (Figure 6.2).  
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As shown in Figure 6.1, 1 contains dinuclear paddlewheel secondary building 
units bridged by four carboxylate groups, M2(O2C–)4. The activation procedure 
developed for 1 facilitated removal of the solvent molecules, which occupy the axial sites 
on each Cu2+ ion, by heating under vacuum to generate UMS. In contrast to the dinuclear 
nodes in 1, 2 has an unusual pentameric copper-based building unit, Cu5 (Figure 6.1). The 
asymmetric unit consists of three copper ions, one of which is located on a 
crystallographic inversion center, two NIP2– ligands, one OH– group, three coordinated 
water molecules, and three non-coordinated water molecules (Figure 6.1). The 
connection of these Cu5 clusters with fully  
 
 
Figure 6.1. The single-crystal X-ray structures of 
1 and 2 highlighting dimetal and pentameric 
secondary building units. Orange, grey, blue, red 
spheres represent copper, carbon, nitrogen, and 
oxygen atoms, respectively. Hydrogen atoms and 
coordinated and non-coordinated solvent 
molecules are omitted for clarity. 
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Figure 6.2. (top) The PXRD 
patterns of 1: simulated (black), as 
synthesized (blue), after XPS 
measurements (red). The insert 
shows color change observed for 1 
during heating on the Schlenk line 
at 160 °C for 48 h. (bottom) The 
PXRD patterns of 2: simulated 
(black), as synthesized (blue), after 
XPS measurements (red). The 
insert shows the color change 
observed for 2 during heating on 
the Schlenk line at 200 °C for 48 h. 
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deprotonated NIP2– ligands resulted in the formation of the three-dimensional framework 
2 (Figure 6.1). Thus, prepared 1 and 2 frameworks satisfy all criteria mentioned above: 
they are thermally stable22,39, able to preserve crystallinity after the activation procedure 
(Figure 6.2), contain UMS, and possess two distinctively different UMS geometries. 
The powdered samples and pellets were heated under vacuum on a Schlenk line in 
order to remove residual solvent before introduction into the vacuum chamber for XPS 
analysis. The standard preparation for 1 involved heating at 160 °C for 48 h, and this 
procedure resulted in a significant color change from light blue to dark blue. Framework 
2 was heated at 200 °C on the Schlenk line for 48 h, accompanied by a color change from 
blue to green (Figure 6.2). The XPS studies on MOF samples were carried out using a 
Kratos AXIS Ultra DLD system equipped with a monochromatic AlKα source, a 
hemispherical analyzer, charge neutralizer, catalysis cell, and a load lock chamber for 
rapid introduction of samples without breaking vacuum. The samples could be directly 
transferred from the XPS analysis chamber to the catalysis cell without exposure to air. In 
the catalysis cell, samples were exposed to a flow of pure gases (Ar, O2, H2, and CO) at 
temperatures ranging from room temperature to 225 °C. To confirm MOF crystallinity, 
each sample was characterized by PXRD analysis prior to thermal treatment and after 
XPS experiments. 
For 1, XPS data for the Cu(2p3/2) region show two distinct peaks at 935.0 and 
933.3 eV, which are assigned to Cu+2 and Cu+1, respectively (Figure 6.3). Although these 
binding energies are ~0.5–1.5 eV higher than those typically observed for Cu+1 and Cu+2 
oxidation states in Cu2O and CuO,40–42 our binding energies are consistent with the values 
that have been observed in Cu+1 and Cu+2 complexes.43,44 The Cu(2p3/2) region cannot be 
used to distinguish between metallic Cu and Cu+1 given the similar binding energies,40,42 
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but the Cu(LMM) Auger electron spectroscopy region confirms that there is no metallic 
Cu present45 and is consistent with Cu+1 and Cu+2 species. 
After heating the sample in the catalysis cell in flowing Ar for 14 h at 225 °C, 
there is a dramatic increase in the Cu+1/Cu+2 ratio from 0.76 to 5.6 (Figure 6.3). This 
thermal treatment is believed to convert Cu+2 to Cu+1, given that more extensive heating 
in Ar (35 h) achieved ~100% complete conversion; the near absence of the satellite peaks 
at 940.5 and 944.8 eV establishes that the sample is almost exclusively Cu+1 since distinct 
satellite peaks are observed only for Cu+2.42 Exposure of reduced 1 to O2 for 2 h at room 
temperature diminishes the Cu+1/Cu+2 ratio to a value of 1.5, suggesting that oxygen 
preferentially binds  
 
 
Figure 6.3. XPS data for the Cu(2p3/2) region for: a) 
1 powder and b) 2 powder after the following 
successive treatments on the same samples: a,i) as 
received; a,ii) heated in Ar at 225 °C for 14 h; a,iii) 
exposed to pure oxygen at room temperature for 2 
h; a,iv) heated in vacuum at 275 °C for 5 h; b,i) as 
received; b,ii) heated in Ar at 200 °C for 14 h; b,iii) 
exposed to pure oxygen at room temperature for 2 
h; and b,iv) heated in vacuum at 200 °C for 2 h. 
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to Cu+1 sites and converts Cu+1 to Cu+2 (Figure 6.3). Heating the O2-exposed sample to 
275 °C in vacuum for 5 h does not change the peak shape, and this implies that 
desorption of oxygen does not occur (Figure 6.3). The C(1s) and O(1s) regions before 
thermal treatment are in agreement with the spectra reported for films and powders of 1 
in the literature,46,47 and these spectra do not change after heating at 225 °C in Ar for 14 h 
or after exposure to gases. 
Previous studies of powders and films of 1 have reported that Cu+2 can be 
partially reduced by heating in vacuum,46,48,49 but almost complete conversion of Cu+2 to 
Cu+1 while retaining MOF crystallinity has never been previously observed in a MOF 
matrix. The presence of Cu+1 cannot be attributed to Cu2O impurities50,51 or unbound 
carboxylate ligands48 because the resulting MOF contains almost exclusively Cu+1 sites. 
Our XPS experiments support an infrared spectroscopy study of 1 that also concluded 
that the presence of Cu+1 cannot be attributed to impurities or defects alone.49 Thus, for 
the first time we were able to prepare a MOF with ~100% reduction of Cu+2 to Cu+1 at 
the UMS while preserving the framework integrity. 
The observation of mixed copper oxidation states is also observed for 2 although 
the Cu+1/Cu+2 ratio is significantly higher for 1 (Figure 6.3b). After heating 2 to 200 °C 
for 14 h in Ar, the Cu+1/Cu+2 ratio increased from 0.53 to 1.1 (Figure 6.3b,ii). Upon 
exposure to O2 at room temperature for 2 h, the Cu+1/Cu+2 ratio decreases to 0.76, 
suggesting oxidation of Cu+1 to Cu+2 and preferential binding of oxygen at Cu+1 sites 
(Figure 6.3b,iii). Heating 2 in vacuum for 2 h at 200 °C increases the absolute intensity of 
both peaks as adsorbates desorbed, but the ratio of Cu+1/Cu+2 remains the same (Figure 
6.3b,iv). Thus, 1 and 2 exhibit similar behavior in the sense that mixed valences are 
observed, and thermal treatment enhances Cu+1 formation while exposure to O2 oxidizes 
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Cu+1 to Cu+2. However, the Cu+2 in 1 is more easily reduced than in 2 based on the 
significantly higher Cu+1/Cu+2 ratio for 1; this could be attributed to the differences in 
geometries and/or sizes of the UMS.  
Conversion of Cu+2 to Cu+1 in 1 is also induced by exposure of the MOF to the X-
ray source and charge neutralizer during XPS data collection. Figure 6.4a shows that the 
ratio of Cu+1/Cu+2 increases from 0.75 to 1.3 with exposure times of 20 to 110 min. In 
contrast, an identical experiment carried out on a copper (II) acetate sample exhibits 
much less pronounced reduction during acquisition of XPS data over the same time 
interval (Figure 6.4b). Furthermore, 1 turned a dark purplish blue color during the 
reduction process whereas the copper (II) acetate did not undergo any color change. 
These results demonstrate that the propensity for copper center reduction is intrinsically 
higher in the MOF matrix compared to other Cu-containing salts.  
 
 
Figure 6.4. XPS data for the Cu(2p3/2) region after 
exposure to X-rays and the charge neutralizer for 
various times for: a) 1 powder; and b) anhydrous 
Cu(II) acetate powder. 
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The following three experiments were conducted in order to gain mechanistic 
insight into the reduction process occurring at the Cu+2 sites. In the first experiment, 1 
was heated on the Schlenk line at lower temperature (12 h, 120 °C) to minimize possible 
thermal reduction while still removing the solvent from the MOF pores, and the sample 
remained light blue after heating. Notably, this ex situ heating procedure is always 
required for introduction of the MOF sample into the XPS vacuum chamber. Only the 
Cu(2p3/2) region was collected during a fast (21 s) scan after no more than 2 min of 
exposure to the X-ray source and charge neutralizer. A series of 5 scans collected at 1 
min intervals shows that the Cu+1 peak is initially present, and this peak increases in 
intensity over 4 min of exposure; the spectrum acquired after 20 min using higher dwell 
times is nearly identical to the spectrum after 6 min. Thus, it appears that Cu+1 is present 
after initial heating to 120 °C and is not due solely to the conversion of Cu+2 to Cu+1 
under XPS data collection conditions. In a second experiment, 1 was again heated to the 
lower temperature of 120 °C and was then exposed to the charge neutralizer only in 
vacuum. A 1 h exposure showed significant growth in the Cu+1 peak, which continued to 
increase after an additional 1 h exposure. This experiment demonstrates that 
bombardment from the low energy electrons of the charge neutralizer is sufficient to 
induce partial reduction of Cu+2 to Cu+1 even in the absence of X-ray irradiation. A third 
experiment showed that heating at 225 °C in Ar for 14 h could not promote extensive 
reduction Cu+2 to Cu+1 without prior extensive (75 min) exposure to X-rays/charge 
neutralizer. Therefore, full reduction of Cu+2 to Cu+1 can only be achieved by exposure to 
the X-rays/charge neutralizer followed by heating to 225 °C, even though thermal 
treatment or exposure to X-rays/charge neutralizer alone can induce partial reduction. 
Our results are in agreement with previous studies reporting X-ray induced reduction of 
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Cu+2 in 1,46 as well as in Cu(II) acetate and other organic Cu(II) compounds.52 The earlier 
work did not explore the effects low energy electron bombardment on MOF reduction. 
Gas-phase substrate dynamics 
To further probe adsorption behavior on 1, samples were exposed to other 
gaseous analytes such as CO, air, and H2. Figure 6.5a shows that exposure to CO 
decreases the intensity of the Cu+1 peak, which suggests coordination of CO to Cu+1. This 
observation is in a good agreement with catalytic activity of Cu+1 sites previously 
reported in copper-containing proteins and supported by the existence of a variety of 
molecular copper(I) carbonyl complexes.53–55 Based on the lack of change in the 
Cu(2p3/2) spectrum, CO is not removed from the metal sites after heating to 225 °C in 
vacuum, implying that CO is strongly bound to the UMS. When a pellet of 1 is exposed 
to air for 10–15 min, water is believed to adsorb at the metal sites rather than N2 or O2.56 
The attenuation of the Cu+1 peak only (Figure 6.5b) implies that water preferentially 
adsorbs at the Cu+1 sites, and heating to 225 °C in vacuum increases the intensity of both 
the Cu+1 and Cu+2 peaks. For H2 exposure at 50 °C, the Cu(2p3/2) spectrum does not 
change significantly (Figure 6.5c). However, exposure to H2 at 100 °C increases the 
Cu+1/Cu+2 ratio from 0.67 to 0.98, indicating either reduction of Cu+2 to Cu+1 or 
preferential adsorption of hydrogen at Cu+2 sites. Although slight broadening of the O(1s) 
peak is observed after heating in H2 at 100 °C, PXRD analysis of the MOF sample 
confirmed its crystallinity.  
To understand the observed gaseous analyte–MOF dynamics, we probed analyte 
binding energies to Cu+2 and Cu+1 sites through DFT calculations. Optimization of the 
neutral cluster model created from the crystallographically-determined structure of 1 
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yields two Cu+2 ions separated by 2.54 Å. In agreement with earlier computational 
studies,48,57,58 the ground state of this paddle wheel unit is found to be an open-shell 
singlet, antiferromagnetic state (Cu↑•••Cu↓). The ferromagnetic state and the closed shell 
δ-bond state are less stable than the antiferromagnetic state by 3 kJ/mol and 125.2 kJ/mol, 
respectively. Adsorption of gas molecules (H2O, O2, CO and H2) are initially considered 
on one of these Cu+2 sites of the neutral cluster model. Table 6.1 summarizes the 
adsorption energies calculated at B3LYP-D3/def2-TZVPP level of theory. We note that 
the contribution of basis set superposition error (BSSE) to the calculated adsorption 
energies at this level of theory is about 1–6 kJ/mol depending on the adsorption strength. 
On the two Cu+2 ions in the neutral cluster model of Cu2(BTC)4 the natural charges are 
determined to be +1.35 e per copper cation. Our calculated adsorption energy of a H2O 
molecule on this neutral cluster (–53.63 kJ/mol) is in close agreement with the adsorption 
energies calculated with a smaller Cu2(HCOO)4 cluster at CCSD(T)/CBS level of theory 
(–51.2 kJ/mol),59 as well as with a periodic model calculated at PW91-GGA level of 
theory (–47.3 kJ/mol).57 The interaction of CO, O2, and H2 with this Cu+2 site is 
calculated to be much weaker than H2O, as suggested by much lower adsorption energies 
as well as very minimal changes in the Cu×××Cu distance and natural charges on the Cu 
atoms compared to the clean cluster model (Table 6.1).  
Since our experimental XPS data strongly suggests the presence of Cu+1 ions in 
the Cu3(BTC)2 system, we next examined the adsorption of these gas molecules on a 
Cu+1 site. In our model, the Cu+1 site is created by adding an electron to the neutral 
Cu2(BTC)4 model. This is justified by the fact that the conversion of Cu+2 to Cu+1 in the 
MOF is induced by its exposure to the X-ray source and charge neutralizer which could 
provide the extra electrons. Optimization of the cluster model with an additional electron 
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converges to a structure with mixed Cu+1/Cu+2 sites with small changes in the overall 
geometry. The Cu×××Cu distance in the negatively charged cluster model is increased to 
2.69 Å, and the Cu+1 ion is bound to only two oxygen atoms of the BTC units. The 
calculated charges listed in Table 6.1 clearly indicate that one of the copper ions is 
reduced to Cu+1 (qCu = +0.80 e). 
The minimum energy structures calculated for the adsorption of gas molecules at 
the Cu+1 site. The Cu×××Cu and Cu–X (X = H2O, O2, CO and H2) distances provide clear 
evidence of strong adsorption of these gas molecules at the Cu+1 site compared to the 
Cu+2 site of the neutral cluster model. Zhou et al.60 also reported such enhanced binding 
Table 6.1. Calculated adsorption energies (Eads) and natural charges (q) for the adsorption 
of different gas molecules on the Cu+2/Cu+2 dimer of the neutral Cu2(BTC)4 unit and 
Cu+1/Cu+2 dimer of the negatively charged Cu2(BTC)4 unit. aThe gas molecules are 
coordinated to the Cu(1) site, except in the case of the H atom which is bonded to the 
carboxylate oxygen neighboring the Cu(1) site. 
 
   
 Eads (kJ/mol)a 
qCu1 
(e) 
qCu2 
(e) 
Eads 
(kJ/mol)a 
qCu1 
(e) 
qCu2 
(e) 
Cu2(BTC)4 -- +1.35 +1.35 -- +0.80 +1.38 
Cu2(BTC)4…OH2 -53.63 +1.37 +1.35 -75.85 +0.81 +1.38 
Cu2(BTC)4…O2 -8.84 +1.34 +1.35 -21.84 +1.08 +1.37 
Cu2(BTC)4…CO -29.23 +1.32 +1.36 -63.84 +0.94 +1.37 
Cu2(BTC)4…H2 -12.56 +1.35 +1.35 -6.81 +0.81 +1.38 
Cu2(BTC)4…H -57.76 +0.84 +1.36 -- 
-- 
 
-- 
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Figure 6.5. XPS data for the Cu(2p3/2) region after exposure of 1 to: CO (a); 
air (b); and H2 (c). Sample treatments are as follows: a,i) 1 powder heated in 
Ar at 225 °C for 14 h; a,ii) exposed to pure CO at room temperature for 2 h; 
a,iii) heated in vacuum at 225 °C for 1 h; b,i) 1 pellet heated in vacuum at 
225 °C for 1 h; b,ii) exposed to air at room temperature for 10–15 min; and 
b,iii) heated in vacuum at 225 °C for 1 h; c,i) 1 powder heated in Ar at 225 
°C for 10 h; c,ii) after exposure to pure hydrogen at 50 °C for 1 h; and c,iii) 
after exposure to pure hydrogen at 100 °C for 2 h.  
of CO and O2 on the negatively charged Cu2(BTC)4 model compared to the neutral 
system using DFT-GGA and LDA levels of theory. In contrast, the H2 molecule prefers 
to interact with the Cu+2 site rather than Cu+1 site although the interaction is very weak in 
both cases. These results are in good agreement with the trend observed from our 
experimental data. XPS data reveal that the exposure of 1 to O2 and CO decreases the 
intensity of the Cu+1 peak. In accordance with this observation, computations predict an 
increase in the positive charge on Cu+1 ion from +0.80 e to +1.08 e and +0.94 e in the 
case of O2 and CO adsorption, respectively. This again confirms the chemisorptive nature 
of the interaction of these gas molecules with the Cu+1 ion, which transfers electrons from 
Cu to the gas molecules. While the H2O molecule also binds strongly at the Cu+1 site with 
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a Cu-OH2 bond distance of 1.96 Å, the calculations do not predict any change in the 
charge of the Cu ions.  
XPS data further indicate that the exposure of 1 to H2 at 100 °C increases the 
Cu+1/Cu+2 ratio from 0.67 to 0.98. Our calculations suggest that the H2 molecule is 
weakly physisorbed both on the Cu+2 and Cu+1 sites, which do not affect the structural or 
electronic properties of the Cu2(BTC)4 cluster. In order to elucidate the experimental 
observations in the presence of H2, we computed the adsorption of an H atom on the 
neutral cluster model. Our calculations predict that the H atom prefers to bind to the 
carboxylate oxygen by breaking the Cu–O bond and reducing the neighboring copper 
cation from Cu+2 to Cu+1. The adsorption energy calculated with reference to the energy 
of a half H2 molecule is found to be –57.76 kJ/mol, and the optimized structure is similar 
to the negatively charged Cu2(BTC)4 cluster. This explains the increased reduction of 
Cu+2 observed experimentally upon exposure to H2. In addition, the slight broadening of 
O(1s) peak observed on exposure to H2 could be due to the bonding of H to the 
carboxylate oxygen rather than the copper cation.  
Valence band structure studies. 
XPS experiments also addressed changes in the electronic properties of the MOFs 
upon heating. Valence band spectra (Figure 6.6) demonstrate that 1 becomes conductive 
after heating to 225 °C for 14 h since there is a pronounced increase in intensity near the 
Fermi edge for the heated MOF, which consists primarily of Cu+1. Subsequent exposure 
to oxygen decreases the intensity at the Fermi edge, and this behavior is consistent with 
the oxidation of Cu+1 back to the less conductive Cu+2 and readsorption of O2 on Cu+1 
sites. In contrast to 1, the valence band spectra for 2 (Figure 6.6b) does not change 
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significantly after heating to 225 °C, but it should be noted that 1 contains mostly Cu+1 
whereas 2 has a significant fraction of Cu+2. After exposure to O2, the valence band 
spectrum of 2 closely resembles the spectrum before heating, and this is consistent with 
the similar Cu+1/Cu+2 ratios observed in the Cu(2p3/2) region. To rationalize the observed 
changes in the valence band region, the density of states (DOS) of a Cu2(BTC)4 cluster 
was investigated by DFT calculations. The neutral cluster is used to examine the DOS of 
exclusively Cu+2 sites, and the structures of a H atom adsorbed on the neutral cluster and 
the negatively charged Cu2(BTC)4 cluster are used to probe the DOS of mixed-valence 
Cu+1/Cu+2 metal sites. As shown in Figure 6.7a, the DOS of the neutral Cu2(BTC)4 with 
Cu+2 ions is characteristic of a wide band gap insulator with a band gap of 3.8 eV, and the 
Fermi level is mostly dominated by the electronic contribution from oxygen atoms. This 
agrees well with the recently reported DOS calculated with a periodic model of 
Cu3(BTC)2 employing the HSE06 hybrid functional.58 When we have the mixed 
Cu+1/Cu+2 sites, as shown in Figures 6.7b and 6.7c, the band gap is reduced, and a mid-
gap state appears at around 2.5 eV in both cases. This gap state and the Fermi level are 
dominated by electronic contribution from the copper cations rather than oxygen atoms. 
Thus, the MOFs with mixed Cu+1/Cu+2 sites could become more conductive through an 
electron hopping mechanism. This result is in full agreement with the experimental 
changes observed in the valence band region by XPS. In addition, these findings are in 
line with the very recent conductivity measurements of the Cu(I)-containing MOFs 
performed by Cheetham and co-workers.61 Interestingly, there are only a few MOFs 
known to date exhibiting conductivity comparable with semiconducting polymers despite 
the fact that the highly ordered MOF structures should be beneficial for charge transport. 
The insulating nature of MOF-based materials could be explained by several factors, 
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including high localization of organic states and weak hybridization with the metal nodes. 
The integrated XPS studies and DFT calculations presented here could potentially open 
new directions for modeling and tuning conductivity in typically insulating MOF 
materials. 
Conclusions 
The results from these investigations demonstrate the ability to achieve extensive 
reduction of Cu+2 to Cu+1 at MOF metal nodes, accompanied by a change in the valence 
band structure of the material. XPS measurements coupled with DFT calculations 
establish that selective adsorption of gas molecules occurs as a function of the oxidation 
state of the UMS. The combined XPS and DFT studies also reveal that introduction of 
mixed valence copper sites changes the electronic properties of the MOF; specifically,  
 
 
Figure 6.6. XPS data for the valence band 
region for: a) 1 powder: as received (red); 
heated in Ar at 225 °C for 14 h (blue); and 
exposed to pure oxygen at room temperature for 
2 h (purple); and b) 2 powder: as received (red); 
heated in Ar at 200 °C for 14 h (blue); and 
exposed to pure oxygen at room temperature for 
2 h (purple). 
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Figure 6.7. Total and partial density of 
states (DOS) of (a) neutral Cu2(BTC)4, (b) 
H atom adsorbed on the neutral 
Cu2(BTC)4, and (c) negatively charged 
Cu2(BTC)4 cluster models computed using 
B3LYP-D3//def2-TZVPP level of theory. 
The vertical axis represents density of 
states in (eV-1). 
the increased density of states near the Fermi edge observed for the reduced MOF should 
lead to higher conductivity. Thus, these studies open a new avenue for potentially 
enhancing electron transport by accessing mixed valence states in the typically insulating 
crystalline frameworks. 
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EXPERIMENTAL SECTION 
Materials 
 Cu(NO3)2·2.5H2O (98.3%, Mallinckrodt AR), Cu(CH3COO)2·H2O (95%, TCI 
America), 1,3,5-benzenetricarboxylic acid (98%, Alfa Aesar), 2-methylimidazole (97%, 
Alfa Aesar), 5-nitroisophtalic acid (98%, Alfa Aesar), N,N-dimethylformamide (ACS 
grade, BDH), ethanol (Decon Laboratories, Inc).  
The compounds Cu3(BTC)2(H2O)3 (1, Figures 6.8–6.12)38, 
[Cu5(NIP)4(OH)2(H2O)6]·(H2O)5 (2, Figure 6.12–6.13, the crystallographic data are 
shown in the Table 6.2)39 were prepared according to the reported procedures. 
 
 
Figure 6.8. Thermogravimetric analysis plot of 1. 
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Figure 6.9. FTIR spectra of 
1 (–––) and 2 (–––). 
                     
 
Figure 6.10. (left) The PXRD patterns of 1: (bottom) as-synthesized and 
(top) after following successive treatments: heating in Ar at 225 °C for 
14 h, exposing to O2 at room temperature for 2 h, and heating in vacuum 
at 275 °C for 5 h. (right) The PXRD patterns of 1: (bottom) as-
synthesized and (top) after exposure to X-rays and the charge neutralizer 
for 110 min.  
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Figure 6.11. (left) The PXRD patterns of 1: (bottom) as-synthesized 
and (top) after following successive treatments: heating in Ar at 225 
°C for 14 h, exposure to CO at room temperature for 2 h, and heating 
in vacuum at 225 °C for 1 h. (right) The PXRD patterns of 1: (bottom) 
as-synthesized and (top) after heating in Ar at 225 °C for 10 h, 
exposure to H2 at 50 °C for 1 h, and exposure to H2 at 100 °C for 2 h.  
                    
 
Figure 6.12. (left) The PXRD patterns of 1: (bottom) as-synthesized 
and (top) after heating at 225 °C for 14 h, exposure to air at room 
temperature for 10–15 min, and heating in vacuum at 225 °C for 1 h. 
(right) The PXRD patterns of 1: (bottom) as-synthesized and (top) after 
heating at 120 °C for 12 h and heating in vacuum at 225 °C for 35 h. 
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Figure 6.13. The secondary building 
unit in 2. Orange and red spheres 
represent copper and oxygen atoms, 
respectively.  
 
 
 
Figure 6.14. The single-crystal X-ray structure of 2. Orange, blue, grey, and red 
spheres represent copper, nitrogen, carbon, and oxygen atoms, respectively. The 
hydrogen atoms and solvent molecules are omitted for clarity. 
X-ray crystal structure determination 
[Cu5(NIP)4(OH)2(H2O)6]·(H2O)5 (C32H36Cu5N4O37, 2). X-ray intensity data from 
a light blue plate crystal were collected at 100(2) K using a Bruker SMART APEX 
diffractometer (Mo Kα radiation, l = 0.71073 Å).61 The raw area detector data frames 
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were reduced and corrected for absorption effects using the SAINT+ and SADABS 
programs.61Final unit cell parameters were determined by least-squares refinement of 
9131 reflections from the data set. The structure was solved by direct methods with 
SHELXS.62 Subsequent difference Fourier calculations and full-matrix least-squares 
refinement against F2 were performed with SHELXL-201462 using OLEX2.63 
The compound crystallizes in the triclinic system. The space group P-1 was 
determined by structure solution. The asymmetric unit consists of three copper atoms, 
one of which (Cu3) is located on a crystallographic inversion center, two C8H3NO62– 
ligands, one OH– group (O13), three coordinated water molecules (O14–O16), and three 
non-coordinated water molecules (O17–O19, Figure 6.13). The interstitial water O19 is 
located on a crystallographic inversion center. All non-hydrogen atoms were refined with 
anisotropic displacement parameters. Hydrogen atoms bonded to carbon were placed in 
geometrically idealized positions and included as riding atoms. The water and hydroxyl 
hydrogen atoms were located in Fourier difference maps and refined isotropically, with 
all O–H distances restrained to 0.84(2) Å. Hydrogen atoms for O19 could not be located 
and were not calculated. They are disordered by symmetry over the inversion center on 
which O19 sits. Trial refinement of the site occupancy of O19 showed no deviation from 
unity occupancy. The largest residual electron density peak in the final difference map is 
0.55 e/Å3, located 1.1 Å from Cu1. 
Other physical measurements 
FTIR spectra were obtained on a Perkin-Elmer Spectrum 100. Powder X-ray 
diffraction patterns were recorded on a Rigaku Miniflex II diffractometer with 
accelerating voltage and current of 30 kV and 15 mA, respectively. Thermogravimetric 
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analysis (TGA) was performed on a SDT Q600 Thermogravimetric Analyzer using an 
alumina boat as a sample holder at a heating rate of 5 °C/min. 
X-ray Photoelectron Spectroscopic (XPS) studies 
The base pressure in the XPS analysis chamber was 2x10-9 Torr before sample 
introduction and <2x10-8 Torr during experiments. Pure gases were obtained from the 
following vendors: Ar (Airgas, UHP 99.999%); O2 (Airgas, UHP 99.994%); CO (Praxair, 
99.99%); and H2 (Airgas, UHP 99.999%) (Figures 6.15–6.19). XPS data were collected 
with a step size of 0.06 eV and dwell times of: 600 s for O(1s); 800 s for C(1s) and N(1s); 
and 1600 s for Cu(2p), the Cu(LMM) region, and the valence band region unless 
otherwise specified. Due to the insulating nature of the MOF samples, a charge 
neutralizer was used to compensate for sample charging by bombarding the sample with 
low energy electrons; electrons are generated by a hot filament, and the trajectories of the 
electrons towards the sample are by controlled electric and magnetic fields. Binding 
energies were set according to the Cu(L3M5M5) Auger peak for metallic Cu, which was 
fixed at 567.9 eV40,45for the MOF that was heated in H2 at 225 °C for 1 hour in order to 
reduce all of the Cu to the metallic species (Figure 6.19). The C(1s) peaks for this 
reduced sample appeared at 284.8 eV and 288.7 eV, corresponding to the aromatic and 
carboxylate carbons, respectively; since the ratio of the low to high binding energy peaks 
was greater than 2:1, as expected based on stoichiometry, adventitious carbon is believed 
to have a significant contribution to the 284.8 eV peak. The binding energies for all of the 
other MOF samples were calibrated according to the position of the 284.8 eV peak. 
Notably, the binding energy for adventitious carbon/aromatic carbon was unchanged after 
the sample was reduced in H2. The Cu(2p3/2) peak position was not used as the calibration 
standard because there is more variation in the literature regarding the exact binding 
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energy for metallic Cu (932.2–932.5 eV)40,41,42 compared to the Cu(L3M5M5) position 
(918.6-918.7 eV kinetic energy).41,42  MOF XPS samples were either in powder form or 
consisted of the powder pressed into a ~0.5 mm thick pellet using a hydraulic press at 60 
tons for 20 s. After heating on the Schlenk line, the MOF samples were transferred to a 
closed glass vial and placed in an aluminum holder that had been heated to the same 
temperature as the sample. The samples remained in the aluminum holder while being 
transported to the XPS facility and were still hot when introduced into the load lock 
chamber. The color of 1 was dark blue after heating on the Schlenk line and remained 
this color until turning lighter blue during loading into the sample holder; after 
evacuation in the load lock chamber overnight, the sample returned to the dark blue color. 
Framework 2 changed from blue to green after heating on the Schlenk line, and then 
turned dark green after heating in Ar for 14 h at 200 °C. Survey scans were acquired to 
establish that there were no contaminants introduced during sample preparation, and the 
following regions were collected for each sample unless otherwise specified: C(1s), 
O(1s), Cu(2p), Cu(LMM), valence band and N(1s). A small N(1s) peak was observed for 
the as-received MOF sample and is attributed to the presence of dimethyl formamide 
from the solvent during synthesis. This N(1s) peak decreased almost to zero after heating 
the MOF in Ar at 225 °C in the catalysis cell for 14 h. Experiments involving heating in 
the vacuum chamber and exposure to O2 gas were carried out on both the powder and 
pellet samples with the same results. The samples were heated by means of a shielded 
boron nitride button heater in the XPS analysis chamber and catalysis cell. The sample 
temperature was measured by a type K thermocouple affixed to the sample stage in the 
analysis chamber, and by a type K thermocouple pin on which the sample holder rested in 
the catalysis cell.  
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Two previous reports of XPS for 1 in the literature do not show a clear Cu+1 peak. 
However, one of the studies has much lower energy resolution in the XPS data based on 
the lack of distinct structure for the satellite peaks at 940.5 and 944.8 eV,47 and it is likely 
that the resolution is not sufficient to distinguish Cu+1 and Cu+2. In the second study, the 
exact preparation and data acquisition procedures for the XPS samples were not 
described, including how the binding energies were calibrated.64 Our own investigations 
show that the ratio of Cu+1/Cu+2 in the as-received sample is highly sensitive to the prior 
thermal treatment, exposure time to air between thermal treatment and introduction into 
the vacuum chamber, and exposure time to the X-ray source and charge neutralizer. For 
example, a spectrum corresponding to almost exclusively Cu+2 was observed for a MOF 
sample initially heated at 160 °C for 48 hours on the Schlenk line and then stored in a 
closed vial for 48 hours before loading into the XPS analysis chamber. 
 
 
Figure 6.15. XPS data for 1 powder: as received 
(red); after heating in Ar in the catalysis cell for 14 
h at 225 °C (blue); after exposure to O2 at room 
temperature for 2 h (purple); and after heating in 
vacuum at 275 °C for 5 h (pink). 
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Figure 6.16 XPS data for 1 powder 
heated in Ar in the catalysis cell for 
35 h at 225 °C. The single Cu(2p3/2) 
peak at 933 eV demonstrates that 
only Cu+2 is present. The O(1s) 
shows a small shoulder at 533.5 eV 
that is associated with changes in 
the MOF during extensive heating, 
but PXRD studies on this sample 
indicate that the MOF is still 
crystalline. The ~286.5 eV shoulder 
in the C(1s) spectrum also appeared 
with heating but is sometimes 
observed on the as-received 
samples, as shown in Figure 6.18 in 
red. 
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Figure 6.17. XPS data for Cu(2p3/2) region for 1 in powder form 
after exposure to X-rays and the charge neutralizer for various 
times: a) 2 min; b) 3 min; c) 4 min; d) 5 min; e) 6 min; and f) 20 
min. Scans (a–e) had 21 s acquisition times with 50 ms dwell 
times while scan (f) had a 10 min acquisition time with a 1600 ms 
dwell time. 
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Figure 6.18. XPS data for the Cu(2p3/2) region after the same 1 
powder is successively exposed to the following: a) X-rays and the 
charge neutralizer for 45 min; b) the charge neutralizer only for 1 
hour; and c) the charge neutralizer only for 1 h. The Cu+1/Cu+2 ratio 
increased from 0.97 (a) to 1.18 (b) to 1.25 (c). Dwell times were 500 
ms. 
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Figure 6.19. XPS data for 1 pellet: as received 
(red); and after heating in flow of H2 at 225 °C for 
1 h (blue). 
The change in the Cu(LMM) region shows the 
formation of metallic Cu after reduction in H2, and 
the Cu(2p3/2) peak at 932.6 eV is also consistent 
with metallic Cu. The C(1s) peak shape is not 
significantly changed after MOF reduction, 
whereas the 533.5 eV shoulder in the O(1s) 
spectrum suggests that another oxygen species is 
formed during reduction. 
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Theoretical calculations 
A finite size cluster model cut out from the crystallographically-determined 
structure of Cu3(BTC)2 was used to study the adsorption behavior of Cu+2 and Cu+1 sites 
using density functional theory (DFT). The initial cluster model (Figure 6.20 and 6.21), 
which contains 82 atoms was formed from a Cu+2 dimer and four BTC units after 
saturating the carboxylates with H atoms. The calculations were performed using the 
TURBOMOLE 6.6 program package.65 Geometry optimization and energy calculations 
were carried out employing the hybrid B3LYP method66-68 (Becke’s three-parameter 
exchange functional and the correlation functional from Lee, Yang, and Parr) and the 
def2-TZVPP basis set69,70 (Ahlrichs’ split-valence triple-zeta basis set with polarization 
functions on all atoms with additional polarization functions). The dispersion corrections 
for the non-bonding van der Waals interactions were included using Grimme’s DFT-D3 
method.71 
The adsorption energies ( ) between the gas molecules and the MOF cluster 
were calculated using the formula,  where  is 
the total energy of the MOF cluster with adsorbed gas molecule,  and  represent 
the total energies of the MOF cluster and the gas molecule, respectively. The calculated 
adsorption energies were then corrected for the basis set superposition error (BSSE) using 
the full counterpoise correction method.72 The atomic charges on the Cu metal atoms 
were calculated using natural population analysis (NPA)73 and the density of states 
(DOS) for the clusters were obtained using Gaussian smearing of Kohn–Sham orbital 
energies. 
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Figure 6.20. (a) Optimized structure of neutral Cu2(BTC)4 
cluster model. (b)-(e) Calculated minimum energy 
structures of H2O (b), O2 (c), CO (d), H2 (e) adsorbed on 
the Cu2+ site of neutral Cu2(BTC)4 and H atom (f) adsorbed 
on the carboxylate oxygen. The bond distances are in Å.  
 
Figure 6.21. (a) Optimized structure of negatively charged 
Cu2(BTC)4 cluster model. (b)-(e) Calculated minimum energy 
structures of H2O (b), O2 (c), CO (d), and H2 (e) adsorbed on the 
Cu1+ site of negatively charged Cu2(BTC)4. The bond distances 
are in Å.  
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Table 6.2. X-ray structure refinement data for 2a. 
 
compound Cu5(NIP)4(OH)2(H2O)6]·(H2O)5 
formula C32H36Cu5N4O37 
FW 1386.35 
T, K 100(2) 
crystal system Triclinic 
space group P-1 
Z 1 
a, Å 10.8179(10) 
b, Å 11.4517(11) 
c, Å 11.5461(11) 
α, ° 75.633(2) 
β, ° 62.674(2) 
γ, ° 62.097(2) 
V, Å3 1122.01(19) 
dcalc, g/cm3 2.052 
μ, mm-1 2.457 
F(000) 697.0 
crystal size/mm3 0.12 × 0.10 × 0.04 
theta range 3.974 to 52.13 
index ranges 
-13 ≤ h ≤ 13 
-14 ≤ k ≤ 14 
-13 ≤ l ≤ 14 
refl. collected 18149 
data/restraints/parameters 4419/11/399 
GOF on F2 1.042 
Largest peak/hole, e/Å3 0.55/-0.38 
R1 (wR2), %, [I ≥ 2sigma(I)]c 0.0331/0.0738 
a Mo-Kα (λ = 0.71073 Å) radiation;  
b Formula is given based on single-crystal X-ray data and does not include 
disordered solvent molecules (complete formula was determined based on elemental 
analysis) 
c R1 = Σ||Fo| - |Fc||/ Σ |Fo|, wR2 = { Σ [w(Fo2-Fc2)2]/ Σ [w(Fo2)2]}1/2 
 217 
REFERENCES 
1. Kapelewski, M. T.; Geier, S. J.; Hudson, M. R.; Stu, D.; Mason, J. A.; Nelson, J. 
N.; Xiao, D. J.; Hulvey, Z.; Gilmour, E.; Fitzgerald, S. A.; et al. J. Am. Chem. 
Soc. 2014, 136, 12119− 12129.  
2. Getman, R. B. Nat. Chem. 2012, 4, 777−778.  
3. Dietzel, P. D. C.; Besikiotis, V.; Blom, R. J. Mater. Chem. 2009, 19, 7362−7370.  
4. Rowsell, J. L. C.; Yaghi, O. M. J. Am. Chem. Soc. 2006, 128, 1304−1315.  
5. Wang, C.; Liu, D.; Lin, W. J. Am. Chem. Soc. 2013, 135, 13222−13234.  
6. Fei, H.; Cohen, S. M. J. Am. Chem. Soc. 2015, 137, 2191−2194.  
7. Bae, Y.-S.; Farha, O. K.; Spokoyny, A. M.; Mirkin, C. A.; Hupp, J. T.; Snurr, R. 
Q. Chem. Commun. 2008, 4135−4137.  
8. Sculley, J.; Yuan, D.; Zhou, H.-C. Energy Environ. Sci. 2011, 4, 2721−2735.  
9. Mishra, P.; Edubilli, S.; Mandal, B.; Gumma, S. J. Phys. Chem. C 2014, 118, 
6847−6855.  
10. Li, B.; Zhang, Y.; Ma, D.; Li, L.; Li, G.; Shi, Z.; Feng, S. Chem. Commun. 2012, 
48, 6151−6153.  
11. Ma, J.-P.; Zhao, C.-W.; Wang, S.-Q.; Zhang, J.-P.; Niu, X.; Dong, Y.-B. Chem. 
Commun. 2015, 51, 14586−14589.  
12. Elsaidi, S. K.; Mohamed, M. H.; Wojtas, L.; Chanthapally, A.; Pham, T.; Space, 
B.; Vittal, J. J.; Zaworotko, M. J. J. Am. Chem. Soc. 2014, 136, 5072−5077.  
13. Eddaoudi, M.; Sava, D. F.; Eubank, J. F.; Adil, K.; Guillerm, V. Chem. Soc. Rev. 
2015, 44, 228−249.  
14. Wang, Y.; Yang, J.; Li, Z.; Zhang, Z.; Li, J.; Yang, Q.; Zhong, C. RSC Adv. 2015, 
5, 33432−33437.  
15. Peng, X.; Lin, L.-C.; Sun, W.; Smit, B. AIChE J. 2015, 61, 677−687.  
16. Koh, H. S.; Rana, M. K.; Wong-Foy, A. G.; Siegel, D. J. J. Phys. Chem. C 2015, 
119, 13451−13458.  
17. Chen, L.; Morrison, C. A.; Düren, T. J. Phys. Chem. C 2012, 116, 18899−18909.  
18. Bloch, E. D.; Hudson, M. R.; Mason, J. A.; Chavan, S.; Crocella, V.; Howe, J. D.; 
Lee, K.; Dzubak, A. L.; Queen, W. L.; Zadrozny, J. M.; et al. J. Am. Chem. Soc. 
2014, 136, 10752−10761.  
 218 
19. Dinca, M.; Long, J. R. Angew. Chem., Int. Ed. 2008, 47, 6766−6779.  
20. Shustova, N. B.; Cozzolino, A. F.; Reineke, S.; Baldo, M.; Dinca, M. J. Am. 
Chem. Soc. 2013, 135, 13326−13329.  
21. Ren, H.-Y.; Yao, R.-X.; Zhang, X.-M. Inorg. Chem. 2015, 54, 6312− 6318.  
22. Yepez,R.;García,S.;Schachat,P.;Sańchez-Sańchez,M.; Gonzaĺez-Estefan, J. H.; 
Gonzaĺez-Zamora, E.; Ibarra, I. A.; Aguilar- Pliego, J. New J. Chem. 2015, 39, 
5112−5115.  
23. Horike, S.; Dinca, M.; Tamaki, K.; Long, J. R. J. Am. Chem. Soc. 2008, 130, 
5854− 5855.  
24. Tenney, S. A.; Ratliff, J. S.; Roberts, C. C.; He, W.; Ammal, S. C.; Heyden, A.; 
Chen, D. A. J. Phys. Chem. C 2010, 114, 21652−21663.  
25. Galhenage, R. P.; Ammal, S. C.; Yan, H.; Duke, A. S.; Tenney, S. A.; Heyden, 
A.; Chen, D. A. J. Phys. Chem. C 2012, 116, 24616−24629.  
26. Tenney, S. A.; He, W.; Roberts, C. C.; Ratliff, J. S.; Shah, S. I.; Shafai, G. S.; 
Turkowski, V.; Rahman, T. S.; Chen, D. A. J. Phys. Chem. C 2011, 115, 
11112−11123.  
27. Tao, F.; Grass, M. E.; Zhang, Y.; Butcher, D. R.; Aksoy, F.; Aloni, S.; Altoe, V.; 
Alayoglu, S.; Renzas, J. R.; Tsung, C.-K.; et al. J. Am. Chem. Soc. 2010, 132, 
8697−8703.  
28. Tao, F.; Grass, M. E.; Zhang, Y.; Butcher, D. R.; Renzas, J. R.; Liu, Z.; Chung, J. 
Y.; Mun, B. S.; Salmeron, M.; Somorjai, G. A. Science 2008, 322, 932−934.  
29. Campbell, C. T. Surf. Sci. Rep. 1997, 27, 1−111.  
30. Henry, C. R. Surf. Sci. Rep. 1998, 31, 231−233.  
31. Besenbacher, F.; Nørskov, J. K. Prog. Surf. Sci. 1993, 44, 5− 66.  
32. Tao, F.; Dag, S.; Wang, L.-W.; Liu, Z.; Butcher, D. R.; Bluhm, H.; Salmeron, M.; 
Somorjai, G. A. Science 2010, 327, 850−853.  
33. Hansen, P. L.; Wagner, J. B.; Helveg, S.; Rostrup-Nielsen, J. R.; Clausen, B. S.; 
Topsøe, H. Science 2002, 295, 2053− 2055.  
34. Noei, H.; Amirjalayer, S.; Müller, M.; Zhang, X.; Schmid, R.; Muhler, M.; 
Fischer, R. A.; Wang, Y. ChemCatChem 2012, 4, 755−759.  
35. Noei, H.; Kozachuk, O.; Amirjalayer, S.; Bureekaew, S.; Kauer, M.; Schmid, R.; 
Marler, B.; Muhler, M.; Fischer, R. A.; Wang, Y. J. Phys. Chem. C 2013, 117, 
5658−5666.  
 219 
36. Denysenko, D.; Werner, T.; Grzywa, M.; Puls, A.; Hagen, V.; Eickerling, G.; 
Jelic, J.; Reuter, K.; Volkmer, D. Chem. Commun. 2012, 48, 1236−1238.  
37. Fu, Y.; Sun, D.; Qin, M.; Huang, R.; Li, Z. RSC Adv. 2012, 2, 3309−3314.  
38. Liu, J.; Wang, Y.; Benin, A. I.; Jakubczak, P.; Willis, R. R.; LeVan, M. D. 
Langmuir 2010, 26, 14301− 14307.  
39. Zhao, Y.; Padmanabhan, M.; Gong, Q.; Tsumori, N.; Xu, Q.; Li, J. Chem. 
Commun. 2011, 47, 6377−6379.  
40. Wagner, C. D.; Riggs, W. M.; Davis, L. E.; Moulder, J. F.; Muilenberg, G. E. 
Handbook of X-Ray Photoelectron Spectroscopy; Perkin Elmer Corporation: Eden 
Prairie, MN, 1978.  
41. Tahir, D.; Tougaard, S. J. Phys.: Condens. Matter 2012, 24, 175002.  
42. Ghijsen, J.; Tjeng, L.; van Elp, J.; Eskes, H.; Westerink, J.; Sawatzky, G.; 
Czyzyk, M. Phys. Rev. B: Condens. Matter Mater. Phys. 1988, 38, 11322−11330.  
43. Sun, Y.-H.; Yu, J.-H.; Jin, X.-J.; Song, J.-F.; Xu, J.-Q.; Ye, L. Inorg. Chem. 
Commun. 2006, 9, 1087−1090.  
44. Gagne, R. R.; Allison, J. L.; Koval, C. A.; Mialki, W. S.; Smith, T. J.; Walton, R. 
A. J. Am. Chem. Soc. 1980, 102, 1905−1909.  
45. Deroubaix, G.; Marcus, P. Surf. Interface Anal. 1992, 18, 39−46.  
46. Nijem, N.; Bluhm, H.; Ng, M. L.; Kunz, M.; Leone, S. R.; Gilles, M. K. Chem. 
Commun. 2014, 50, 10144−10147.  
47. Kumar, R. S.; Kumar, S. S.; Kulandainathan, M. A. Microporous Mesoporous 
Mater. 2013, 168, 57−64.  
48. Petkov, P. S.; Vayssilov, G. N.; Liu, J.; Shekhah, O.; Wang, Y.; Wöll, C.; Heine, 
T. ChemPhysChem 2012, 13, 2025−2029.  
49. Szanyi, J.; Daturi, M.; Clet, G.; Baer, D. R.; Peden, C. H. F. Phys. Chem. Chem. 
Phys. 2012, 14, 4383−4390.  
50. Prestipino, C.; Regli, L.; Vitillo, J. G.; Bonino, F.; Damin, A.; Lamberti, C.; 
Zecchina, A.; Solari, P. L.; Kongshaug, K. O.; Bordiga, S. Chem. Mater. 2006, 
18, 1337−1346.  
51. Alaerts, L.;Seǵuin,E.; Poelman, H.; Thibault-Starzyk,F.; Jacobs, P. A.; De Vos, 
D. E. Chem. - Eur. J. 2006, 12, 7353−7363.  
52. Yang, J.; Regier, T.; Dynes, J. J.; Wang, J.; Shi, J.; Peak, D.; Zhao, Y.; Hu, T.; 
Chen, Y.; Tse, J. S. Anal. Chem. 2011, 83, 7856−7862.  
 220 
53. Klaeui, W.; Lenders, B.; Hessner, B.; Evertz, K. Organometallics 1988, 7, 
1357−1363.  
54. Pike, R. D. Organometallics 2012, 31, 7647−7660.  
55. Ugozzoli, F.; Lanfredi, A. M. M.; Marsich, N.; Camus, A. Inorg. Chim. Acta 
1997, 256, 1−7.  
56. Castillo, J. M.; Vlugt, T. J. H.; Calero, S. J. Phys. Chem. C 2008, 112, 
15934−15939.  
57. Watanabe, T.; Sholl, D. S. J. Chem. Phys. 2010, 133, 094509−094512.  
58. Hendon, C.; Walsh, A. Chem. Sci. 2015, 6, 3674−3683.  
59. Grajciar, L.; Bludsky,́ O.; Nachtigall, P. J. Phys. Chem. Lett. 2010, 1, 3354−3359.  
60 Zhou, C.; Cao, L.; Wei, S.; Zhang, Q.; Chen, L. Comput. Theor. Chem. 2011, 976, 
153−160.  
60.  Tominaka, S.; Hamoudi, H.; Suga, T.; Bennett, T. D.; Cairns, A. B.; Cheetham, 
A. K. Chem. Sci. 2015, 6, 1465−1473.  
61. SMART Version 5.631, SAINT+ Version 6.45a. Bruker Analytical X-ray 
Systems, Inc., Madison, Wisconsin, USA, 2003. 
62. Sheldrick, G. M. Acta Crystallogr. Sect. A, 2008, A64, 112. 
63. Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.: Howard J. A. K.; Puschmann, H. J., 
Appl. Crystallogr., 2009, 42, 339. 
64. Chen, H.; Wang, L.; Yang, J.; Yang, R. T. J. Phys. Chem. C, 2013, 117, 7565. 
65. TURBOMOLE V6.6 2014, a development of University of Karlsruhe and 
Forschungszentrum Karlsruhe GmbH, 1989-2007, TURBOMOLE GmbH, since 2007; 
available from http://www.turbomole.com. 
66. Becke, A. D. Phys. Rev. A, 1988, 38, 3098. 
67. Becke, A. D. J. Chem. Phys., 1993, 98, 5648. 
68. Lee, C. T.; Yang, W. T.; Parr, R. G. Phys. Rev. B 1988, 37, 785. 
69. Schafer, A.; Huber, C.; Ahlrichs, R. J. Chem. Phys. 1994, 100, 5829. 
70. Weigend, F.; Ahlrichs, R. Phys. Chem. Chem. Phys. 2005, 7, 3297. 
71. Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. J. Chem. Phys. 2010, 132, 154104 
72. Boys, S. F.; Bernardi, F. Mol. Phys. 1970, 19, 553. 
 221 
73. Reed, A. E.; Weinstock, R. B.; Weinhold, F. J. Chem. Phys. 1985, 83, 735. 
 222 
 
CHAPTER 7 
ELECTRONIC PROPERTIES OF BIMETALLIC METAL-ORGANIC 
FRAMEWORKS (MOFS): TAILORING THE DENSITY OF ELECTRONIC STATES 
THROUGH MOF MODULARITY 
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The development of porous well-defined hybrid materials (e.g., metal−organic 
frameworks or MOFs) will add a new dimension to a wide number of applications 
ranging from supercapacitors and electrodes to “smart” membranes and thermoelectrics. 
From this perspective, the understanding and tailoring of the electronic properties of 
MOFs are key fundamental challenges that could unlock the full potential of these 
materials. In this work, we focused on the fundamental insights responsible for the 
electronic properties of three distinct classes of bimetallic systems, Mx−yM′y-MOFs, 
MxM′y- MOFs, and Mx(ligand-M′y)-MOFs, in which the second metal (M′) incorporation 
occurs through (i) metal (M) replacement in the framework nodes (type I), (ii) metal node 
extension (type II), and (iii) metal coordination to the organic ligand (type III), 
respectively.  
We employed microwave conductivity, X-ray photoelectron spectroscopy, diffuse 
reflectance spectroscopy, powder X-ray diffraction, inductively coupled plasma atomic 
emission spectroscopy, pressed-pellet conductivity, and theoretical modeling to shed light 
on the key factors responsible for the tunability of MOF electronic structures. 
Experimental prescreening of MOFs was performed based on changes in the density of 
electronic states near the Fermi edge, which was used as a starting point for further 
selection of suitable MOFs. As a result, we demonstrated that the tailoring of MOF 
electronic properties could be performed as a function of metal node engineering, 
framework topology, and/or the presence of unsaturated metal sites while preserving 
framework porosity and structural integrity. These studies unveil the possible pathways 
for transforming the electronic properties of MOFs from insulating to semiconducting, as 
well as provide a blueprint for the development of hybrid porous materials with desirable 
electronic structures.  
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INTRODUCTION 
Electronic properties of well-defined metal-organic materials (e.g., metal-organic 
frameworks (MOFs)) have recently become a cutting-edge area of research due to 
potential transformative effects on the development of semiconductor and supercapacitor 
technologies, high surface area conductors, thermoelectrics, coatings in electronic 
engineering, photocatalysts, and sensitive artificial “noses”.1–24 One of the main driving 
forces for these studies is to complement the intrinsic porosity of MOFs with desirable 
electronic behavior. The first steps in this direction have clearly demonstrated a very 
promising start, which includes development of chemiresistive sensors, crystalline 
materials with high charge mobility, and porous electrodes.11,25–33 However, there are a 
number of challenges that must be overcome for further successful advancement in this 
area. One of them is the preparation of conductive hybrid materials that preserve 
framework crystallinity without blocking MOF pores. Metal node engineering is one of 
the strategies for preservation of MOF porosity while tuning MOF electronic structure. 
As previously shown, a MOF matrix can accommodate a second metal without loss of 
crystallinity.34–41 Tailoring of electronic properties could therefore be performed through 
“guest metal” immobilization inside MOF metal nodes. Thus, the objective of the 
presented studies is fundamental understanding of key parameters, which may impact the 
tailoring of electronic structure in bimetallic MOFs through framework modularity.  
Very recently, it was shown that the electrical conductivity of MOF samples is 
affected by many factors including grain boundaries and anisotropy, which hinder 
screening and comparison of different MOF samples, especially without an access to 
their single crystals.42 From this perspective, we present a comprehensive approach that 
allows one to experimentally pre-screen the changes in the electronic structures of 
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complex bimetallic systems, while simultaneously monitoring changes in metal oxidation 
states occurring on the metal nodes. These studies can then guide the selection of the 
most promising candidates for further detailed investigations. In this work, we utilized 
three distinct types of bimetallic systems shown in Scheme 7.1: Mx-yM’y-MOFs (type I), 
MxM’y-MOFs (type II), and Mx(ligand-M’y)-MOFs (type III). In particular, our approach 
couples: (i) state-of-the-art surface science techniques to prescreen changes in the density 
of electronic states (DOS) near the Fermi edge while monitoring changes in the metal 
oxidation states; (ii) material design including utilization of MOF modularity through 
incorporation of the second metal into the metal node as well as its coordination to the 
organic linker; (iii) microwave conductivity measurements to estimate intrinsic 
conductance of the selected MOF samples; and (iv) theoretical modeling. We attempt to 
shed light on the fundamental understanding of how metal node composition and 
geometry and/or MOF topology could affect the electronic structure, thereby establishing 
a pathway for tuning the conductivity of MOFs that are normally insulating. 
RESULTS AND DISCUSSION 
In the presented approach, we utilize a number of advantages offered by the MOF 
platform including: (i) modularity, which allows us to prepare isostructural monometallic 
and bimetallic frameworks for detailed understanding and comparison of possible 
changes in the electronic structure that appear after the incorporation of the second metal; 
(ii) crystallinity, which permits comprehensive structural analysis of MOF topology and 
metal node geometry; and (iii) porosity, which provides an opportunity to study 
electronic structure as a function of substrate dynamics.  
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We have applied these advantages to studying the effect of a second metal on the 
electronic structure of three distinct bimetallic systems shown in Scheme 7.1 (types I–
III). The type-I Mx-yM’y-MOFs consists of bimetallic nodes, which are isostructural to 
monometallic analogs. In this case, incorporation of the second metal, M’, occurs through 
the replacement of M, and therefore both M and M’ possess the same coordination 
environment (Scheme 7.1, type I). One of the most studied examples of the type-I 
platform is IRMOF-1.43–48 Type II of the bimetallic MxM’y-MOFs also contains 
bimetallic nodes, but M’ incorporation results in metal node extension instead of M 
substitution (Scheme 7.1, type II) and therefore significant changes in the local 
environment of M’ versus M. An example of such node extension was recently reported 
by the Zhou group who extended the hexameric Zr-based nodes to decameric Zr6M’4.49 
Type III Mx(ligand-M’y)-MOFs consist of monometallic nodes, and M’ coordinates to the 
organic linker as shown in Scheme 7.1. One example of Mx(ligand-M’y)-MOFs was 
recently prepared by Lin and co-workers through utilization of organic linkers in the Zr-
based framework as an anchor for a second metal incorporation.50 
Our initial studies were focused on type I bimetallic Mx-yM’y-MOFs due to a wide 
range of M/M’ metal pairs already being incorporated into the MOF matrix,40,51–55 and 
therefore available for systematic studies. The major criterion imposed on the selection of 
Mx-yM’y-MOFs was the possibility of solvent removal with preservation of the 
framework's structural integrity. This property is crucial for initial prescreening of MOF 
electronic properties by X-ray photoelectron spectroscopy (XPS). Our previous 
investigations56 of monometallic frameworks demonstrated that mixed-valence metals 
such as copper could significantly affect the density of states near the Fermi edge. For 
instance, we observed that presence of Cu+1/Cu+2 sites resulted in significant changes in 
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Scheme 7.1. A schematic representation of monometallic 
and bimetallic MOFs. Semiovals with sandwiched metals 
and grey sticks represent the metal nodes and organic 
linkers, respectively. type I Mx-yMy’-MOFs: incorporation 
of M’ occurs through the replacement of M. type II 
MxMy’-MOFs: M’ incorporation extends metal nodes. 
type III Mx(ligand-M’y)-MOFs: M’ coordinates to an 
organic linker. 
the valence band structure.56 Consequently, we have focused on M3-yM’y(BTC)2 (M = 
Cu, H3BTC = benzene-1,3,5-tricarboxylic acid) as a first model system for type-I 
bimetallic MOFs based on potential tunability of the valence band structure through the 
presence of mixed valence metal sites, as well as required thermal stability (Figure 7.1).  
As a Cu (M) counterpart, we have chosen Co and Zn for three main reasons. The 
first reason is that the introduction of both Zn and Co inside the Cu-MOF could be 
performed by a relatively straightforward synthetic approach, which resulted in bimetallic 
systems isostructural to monometallic analogs. This also allowed us to prepare bimetallic 
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Figure 7.1. Paddle-wheel metal nodes of M3-yM’y-MOFs 
with unsaturated metal sites (middle) and M6-
yM’y(BTB)4(BP)3 with metal sites blocked by the BP 
ligand. Only one phenyl ring of the BP ligand is shown 
(bottom). The grey, red, orange, and purples spheres in 
the metal nodes represent carbon, oxygen, M, and M’, 
respectively. 
MOFs with a different M/M’ ratio and study the electronic properties as a function of the 
metal ratio. Second, these metals will allow us to test the effect on electronic structure of 
divalent zinc versus cobalt, which could exhibit +2 and +3 oxidation states. Finally, 
recent theoretical studies focusing on electronic structure elucidation 
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elucidation of bimetallic systems suggest that Co-incorporation into IRMOF-1 could 
result in appearance of metallic behavior in the insulating zinc-based MOF.44 
Solid-state metathesis was chosen as a synthetic method for preparation of 
bimetallic MOFs with different M/M’ ratios (M = Cu, M’ = Co, Zn). For preparation of 
Cu3-yCoy(BTC)2, freshly synthesized Cu3(BTC)2 was introduced into N,N’-
dimethylformamide (DMF) solutions with different CoCl2 concentrations, which were 
heated at 90 °C for 24 h. The Cu3-yZny(BTC)2 samples were prepared by soaking 
Zn3(BTC)2 in a saturated solution of Cu(NO3)2 for 9–18 h at room temperature.40 Each 
sample of prepared bimetallic M3-yM’y-MOFs was characterized by powder X-ray 
diffraction (PXRD), Fourier transformed infrared spectroscopy, and thermogravimetric 
analysis, and the M/M’ ratio was determined by inductively coupled plasma atomic 
emission spectroscopy. As a result, the following compositions for type I BTC-containing 
MOFs were studied: Cu3-yZny(BTC)2 (y = 0.75 and 1.05) and Cu3-yCoy(BTC)2 (y = 0.18, 
0.60, and 1.5). The prepared BTC-containing bimetallic MOFs are isostructural to 
monometallic M3(BTC)2 (M = Cu and Zn). The Cu3-yCoy(BTC)2 and Cu3-yZny(BTC)2 
samples were evacuated at 120–150 °C (48 h) and at 100–160 °C (48 h) on the Schlenk 
line, respectively, before the XPS studies. In addition, some MOF samples were 
pretreated by heating at 100–225 °C in a specialized cell under an argon atmosphere 
before introduction into the XPS chamber. PXRD was used for confirmation of 
framework crystallinity after evacuation and additional heating in the inert atmosphere. 
More detailed procedures used for each set of samples are given in Table 7.1. (vide infra). 
XPS valence band spectra provide information about the electronic properties of 
the MOFs since the signal intensities reflect the densities of states near the Fermi level 
(EF, binding energy = 0 eV). As shown in Figure 7.2, the valence band spectra of the 
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evacuated monometallic M-MOFs (M = Cu and Zn) and bimetallic M3-yM’y-MOFs (M = 
Cu, M’ = Zn) exhibit zero intensity near the Fermi level, and this absence of electronic 
states around EF is characteristic of insulators. Furthermore, there is a distinct change in 
the DOS for Cu3(BTC)2 after heating under an argon atmosphere at 225 °C, given that the 
valence band spectrum shows a significant increase in intensity at the Fermi edge after 
heating. In our previous work, we have attributed this change in electronic structure to the 
coexistence of mixed valence Cu+1 and Cu+2 sites.56 
 
 
 
Figure 7.2. The XPS data for the valence band 
region for: Cu3(BTC)2 (red), Cu3(BTC)2 
(additional heating at 225 °C for 14 h under 
argon, blue), Zn3(BTC)2 (green), and 
Cu2.25Zn0.75(BTC)2 (purple). Sample treatment is 
given in Table 7.1. 
While the pure Cu3(BTC)2 sample contains mixed valence sites, the zinc-based 
analog Zn3(BTC)2 exhibits a single Zn(2p3/2) peak at 1022.4 eV, which is consistent with 
the metal nodes in only the +2 oxidation state.57,58 Similarly, for bimetallic Cu3-yZny-
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MOFs, Cu is found in both the +1 and +2 oxidation states, whereas Zn exists exclusively 
as +2. The assignment of the Cu+1 and Cu+2 oxidation states are based on both the 
Cu(2p3/2) and Cu(LMM) regions.; these assignments are discussed in the SI section and 
have also been described in detail in a previous manuscript.56 Moreover, heating the 
bimetallic sample containing 35% zinc (Cu1.95Zn1.05(BTC)2) to 215 °C for 14 h under an 
argon atmosphere resulted in an increase in the Cu+1 intensity and an increase in DOS 
near the valence band edge. Thus, the presence of Zn+2 does not prevent the reduction of 
Cu+2 to Cu+1 or prevent changes in the valence band spectrum after MOF heating.  
In contrast to zinc-incorporated frameworks, we have observed significant 
differences in the electronic structure for the series of cobalt-substituted bimetallic 
MOFs. Specifically, the XPS valence band region for Cu3-yCoy(BTC)2 samples (y = 0.18 
and 1.5) show non-zero intensity near EF, demonstrating that electronic states exist in this 
region, and a cobalt content of only 6% (y = 0.18) is sufficient to facilitate this change. 
As mentioned above, the appearance of electronic states near EF in the valence band 
spectrum is behavior characteristic of semiconductors. As a control experiment, we also 
investigated the valence band region of the CoCl2 salt used for preparation of bimetallic 
frameworks. As expected, DOS for CoCl2 near EF is zero, unlike what is observed for 
Cu3-yCoy-MOFs. 
In terms of the oxidation of the metals, the Cu3-yCoy(BTC)2 (y = 0.18 and 1.5) 
samples exhibit both Cu+1 and Cu+2 oxidation states. For the Cu3-yCoy(BTC)2 MOFs, the 
Co(2p) region is consistent with Co+2, based on the presence of strong satellite features, 
the splitting of the 2p3/2 and 2p1/2 peaks, and the Co(2p3/2) binding energy. Similar to 
bimetallic Cu3-yZny(BTC)2, heating of Cu3-yCoy(BTC)2 induces the reduction of Cu+2 to 
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Cu+1, and therefore the presence of cobalt in the MOF structure does not prevent Cu+2 
reduction.  
Since there are no synthetic reports of a pure Co3(BTC)2 phase isostructural to 
bimetallic Cu3-yCoy(BTC)2, we attempted to analyze a different Co-BTC-containing 
phase consisting of hexanuclear metal nodes connected by BTC3– linkers (Figures S12 
and S13).59 However, the loss of MOF structural integrity was observed. XPS 
measurements performed on the degraded sample did not reveal any similarities with the 
electronic structure of Cu3-yCoy-MOFs. To better understand the unique electronic 
structure of Cu3-yCoy(BTC)2, we prepared a M6(BTB)4(BP)3 (H3BTB = benzene-1,3,5-
tribenzoate, BP = 4,4′-bipridyl) series, which consists of paddle-wheel metal nodes 
similar to M3-yMy’(BTC)2, and integration of the second metal without loss of framework 
integrity was achieved. Notably, attempts to prepare bimetallic Cu3-yMy’(BTB)2 without 
the presence of the second BP linker were not successful despite the existing 
straightforward synthetic procedure for isostructural monometallic Cu3(BTB)2. The latter 
was successfully prepared, and valence spectra showed no electronic states near EF. 
However for the BTB-containing systems, we were able to prepare isostructural 
monometallic Co6(BTB)4(BP)3 by heating Co(NO3)2×6H2O in the presence of H3BTB and 
BP at 100 °C for 4 days.60 The Cu6-yCoy(BTB)4(BP)3 system was prepared by direct 
synthesis through heating of cobalt and copper nitrates in the presence of H3BTB and BP 
linkers at 100 °C for 96 h. Surprisingly, the valence band spectra demonstrate that 
electronic properties of Cu2.34Co3.66(BTB)4(BP)3 are unlike Cu3-yCoy(BTC)2 but instead 
are closer to those observed for insulating Zn3(BTC)2 or Zn3-yCuy(BTC)2 (Figure 7.3). 
Monometallic Cu3(BTB)2 (without BP) contains Cu+1/Cu+2 metal sites and exhibits DOS 
like that of the Cu3(BTC)2. Electronic properties resembling Cu3(BTC)2 were also 
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observed for monometallic Co6(BTB)4(BP)3. Therefore, MOF topology and/or presence 
of unsaturated metal sites result in different DOS near EF for M3-yMy’(BTC)2 versus M3-
yMy’(BTB)2 despite the similar metal node geometries. To summarize, the Cu3-
yCoy(BTC)2 system possesses electronic structure like that of a semiconductor near EF, 
while the lack of DOS around EF for Cu3(BTC)2,  
 
 
Figure 7.3. The XPS data for the valence 
band region of Cu1.05Zn1.95(BTC)2 (red), 
Cu1.5Co1.5(BTC)2 (blue), Cu2.82Co0.18(BTC)2 
(green), and Cu2.34Co3.66(BTB)4(BP)3 (purple). 
Sample treatment is given in Table 7.1.. 
 
Zn3(BTC)2, Cu3-yZny(BTC)2, Cu3(BTB)2, and Cu6-yCoy(BTB)4(BP)3 is characteristic of 
insulators. 
To shed light on the changes of the electronic structure near EF observed by XPS 
for bimetallic Cu3-yCoy(BTC)2, we have performed conductivity measurements on the 
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MOF pressed pellets and microwave conductivity experiments on MOF powders, as well 
as employed diffuse reflectance spectroscopic studies in combination with theoretical 
calculations. As a starting point, we measured bulk conductivity on the pressed pellets 
prepared from evacuated bimetallic Cu2.4Co0.6(BTC)2 and monometallic Cu3(BTC)2, for 
which the conductivities were found to be 1.4×10–8 S/cm and 2.0×10–10 S/cm, 
respectively. Thus, the observed values for CuyCo3-y-MOF conductivity are about two 
orders of magnitude higher in comparison with monometallic isostructural Cu3(BTC)2, 
which is in line with the higher DOS at EF for Cu3-yCoy(BTC)2 shown by the XPS 
studies.  
 Since we expected that bulk conductivity would be greatly affected by factors 
such as grain boundary resistances and/or by highly randomized orientation of individual 
grains within a MOF pellet,42 we performed microwave absorption measurements on 
CuyCo3-y-MOF powders to estimate intrinsic conductivity. The main advantage of this 
technique is a quantitative measure of the effective conductivity of a sample without the 
need to fabricate a device, deposit contacts of any kind, or even prepare compact films. 
Instead, a sample powder can be mounted on a substrate (in our case – quartz), and be 
positioned within a characterized microwave cavity to maximize interaction with the 
field, thus providing a high degree of sensitivity to changes in the sample composition 
and properties. We have measured the change in cavity characteristics as a function of 
each MOF sample, and we use finite-element calculations to quantify the sample 
properties from these observations. Each resonance is characterized by its position, width, 
and depth, which jointly encode the change in sample properties from one resonance to 
the next. By measuring the change in these parameters between an empty cavity, the 
cavity with a quartz substrate, with a quartz substrate with double-sided mounting tape, 
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and the substrate/tape/MOF powder, we have determined the effective conductivity of 
each component of the total sample. Similar contactless microwave absorption 
measurements have been used to estimate the photoconductivity of other MOFs after 
laser excitation.25,61–63 Since photoinduced charge generation processes are not yet well-
understood for MOFs, we have measured the “dark” effective conductivity for 
Cu3(BTC)2 and Cu2.4Co0.6(BTC)2 by combining microwave absorption data with 
electromagnetic simulations of the cavity response. As mentioned above, each sample 
was mounted in a microwave cavity, and the reflection coefficient of the cavity was 
measured as a function of frequency about its resonance; the characteristics of the 
resonance curve are used to calculate the effective conductivity of each material. Under a 
dry nitrogen atmosphere, the effective conductivities were 0.1×10–4 S/cm for Cu3(BTC)2 
compared to 3.5×10–4 S/cm for Cu2.4Co0.6(BTC)2, which is consistent with the XPS 
results. Interestingly for Cu3(BTC)2, the effective conductivity increases upon exposure 
to moisture in air to 4.3×10–4 S/cm after one hour and eventually to 5.8×10–4 S/cm after 
several hours, accompanied by a color change from deep royal blue to light blue. We use 
the term effective conductivity here since this measurement is sensitive to both dielectric 
contributions (i.e., rotating dipoles or solvent molecules) and intrinsic electrical 
conductivity. Therefore, the observed increase in measured effective conductivity in the 
Cu3(BTC)2 after exposure to moisture is likely due to dielectric interactions of water 
molecules in the framework with the microwaves, and may suggest that the 0.1×10–4 
S/cm value reported here is a conservative upper estimate of the true intrinsic 
conductivity, further supporting a drastic increase in conductivity going from the 
monometallic to bimetallic framework.  
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To rationalize the changes observed in the valence band region of Cu3-
yCoy(BTC)2 system, we have carried out theoretical calculations on the truncated model 
of a bimetallic MOF, M2(BTC)4. Density functional theory (DFT) calculations reveal that 
the substitution of copper with cobalt in Cu2(BTC)4 results in changes in the electronic 
structure near EF. The energy of the highest occupied molecular orbital (HOMO) 
increases from –7.78 eV to –7.22 eV, and the lowest unoccupied molecular orbital 
(LUMO) energy decreases from –3.89 eV to –3.99 eV due to replacement of copper by 
cobalt. These results are further supported by DOS calculations (Figure 7.4), which 
predicted a wide band gap of 3.8 eV for the Cu2(BTC)4 structure, which is consistent with 
insulator properties of this material. The partial DOS shown in Figure 7.4 were obtained 
by adding up the atomic projected DOS over different groups of elements such as Cu, Co, 
and O. Although these plots include contribution from all orbitals, the orbital-projected 
DOS suggest that the partial DOS near EF originate mainly from the oxygen p-orbitals, 
whereas DOS above EF (conduction band) are composed of copper d-orbitals. When 
copper is substituted with cobalt, the DOS near EF are dominated by contributions from 
cobalt d-orbitals, and the band gap is reduced to 3.2 eV. These results suggest that the 
electronic structure of the copper-based framework can be tuned by metal substitution in 
the metal nodes, and higher conductivity should be achieved through cobalt incorporation 
into the Cu-BTC matrix. For experimental estimation of optical band gaps in both 
monometallic Cu3(BTC)2 and bimetallic Cu3-yCoy(BTC)2, we utilized diffuse reflectance 
spectroscopy. For better correlation with theoretical values, we have prepared a sample in 
which 50% of Cu2+ (y = 1.5) was substituted by Co2+. The optical band gap values in the 
Cu3(BTC)2 and Cu1.5Co1.5(BTC)2 for allowed direct transitions were derived from the 
Tauc plot by extrapolation of the straight line to the photon energy axis.64,65 As a result, 
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band gap values of 3.7 eV and 3.8 eV were roughly estimated for Cu1.5Co1.5(BTC)2 and 
Cu3(BTC)2, respectively. The small decrease of the optical band gap in case of the 
bimetallic cobalt-containing MOF calculated is consistent with the theoretically predicted 
decreased band gap. 
To gain further insights on the significant changes observed in DOS of type I 
 
 
Figure 7.4. Total and partial density of states 
(DOS) of: (a) Cu2(BTC)4 and (b) CuCo(BTC)4 
truncated models computed using B3LYP-
D3//def2-TZVPP level of theory.  
CuyCo3-y-MOFs, we have studied the type II and III bimetallic systems also containing 
cobalt (Figure 7.5). For preparation of type II bimetallic MOFs, we utilized the approach 
reported by Zhou and co-workers,49 in which the Zr-based metal nodes, Zr6O4(OH)8, 
were extended through cobalt incorporation to Zr6Co4O8(OH)8 (Figure 7.5). For synthesis 
of Zr6Co4-MOF, the prepared Zr-based MOF (PCN-700) was heated in the presence of 
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Co(NO3)2 salt at 85 °C for 48 h.49 The excess of Co(NO3)2 was removed by thoroughly 
washing with DMF.  
For the type III MOFs, cobalt was coordinated to the organic linker (Figure 7.5) 
using the approach reported by Lin and co-workers.50 The prepared salicyladimine-based 
linker (H2sal-TPD, TPD = terphenyldicarboxylic acid) was heated in the presence of 
ZrCl4, which resulted in formation of monometallic Zr6O4(OH)4(sal-TPD)6.50 
Coordination of the second metal (Co) was performed by stirring of Zr6O4(OH)4(sal-
TPD)6 in solution of CoCl2 in DMF for 24 h at room temperature. Despite both systems 
containing the same Co and Zr metals, the XPS valence band spectra demonstrate a 
significant difference in the electronic properties of the Co-containing type II and III 
 
Figure 7.5. (left) Metal nodes Zr6O4(OH)8 extended by incorporation of Co2+ to 
Zr6O4(OH)8. Turquoise, purple, red, and grey spheres represent zirconium, cobalt, 
oxygen, and carbon, respectively. (right) Coordination of the second metal, cobalt, 
occurs through coordination to the organic linker, H2sal-TPD, instead of the Zr-
based metal node. 
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systems (Figure 7.6). In the case of the Co-containing type II MOF, DOS exist near EF as 
also observed for the bimetallic Cu3-yCoy(BTC)2. In contrast, the type III MOF shows no 
DOS near EF, which is similar to the insulating behavior of Cu3-yZny(BTC)2. Notably, the 
type II MOF in the absence of Co also exhibits a lack of intensity in the valence band 
region near EF. Therefore, these results illustrate that DOS for the Co-containing type II 
MOF is similar to the Cu3-yCoy(BTC) despite the fact that the bimetallic MOFs possess 
different topology, metal node geometry, and nature of the primary metal.  
CONCLUSION 
In this work, we studied the fundamental properties responsible for the electronic 
behavior of three distinct classes of bimetallic systems, Mx-yM’y-MOFs (replacement of 
M by M in metal nodes), MxM’y-MOFs (node extension through M incorporation), 
and Mx(ligand-M’y)-MOFs (coordination of M to the organic linker). We showed that 
in addition to metal node engineering, the presence of unsaturated metal sites as well as 
framework topology can potentially affect the density of electronic states near the Fermi 
edge. In particular, for the example of bimetallic Zr/Co-containing frameworks (type II 
and III), we demonstrated that changes in the MOF electronic structure depend on the site 
chosen for second metal coordination (i.e., a metal node versus an organic linker). We 
also showed that the valence band spectra of evacuated monometallic M-MOFs (M = Cu 
and Zn) and bimetallic M3-yM’y-MOFs (M = Cu, M’ = Zn) exhibit zero intensity near the 
Fermi level, which is characteristic of insulators, while bimetallic cobalt-containing type-
I and type-II MOFs exhibit semiconductor behavior.  
Microwave conductivity measurements demonstrated correlation of the changes 
observed in an electronic structure and material properties. These experimental data are 
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consistent with theoretical calculations, which indicate that incorporation of the second 
metal (M’) inside the MOF matrix could result in significant changes in the DOS. In 
particular we found that in the monometallic Cu-BTC system, the DOS near EF originate 
mainly from the oxygen p-orbitals, and the DOS above EF (conduction band) is 
composed of copper d-orbitals. However, due to cobalt incorporation into the framework 
matrix, the DOS near EF is dominated by contributions from cobalt d-orbitals, and the 
estimated decrease in the band gap was calculated to be 0.6 eV.  
Thus, the presented studies begin to elucidate the key factors responsible for 
tunability of MOF electronic structure as a function of second metal incorporation, while 
preserving the main inherent property of MOFs – porosity.  
EXPERIMENTAL SECTION 
Materials 
Cu(NO3)2×2.5H2O (98.3%, Mallinckrodt AR), Cu(OAc)2×H2O (>95%, TCI 
America), CoCl2×6H2O (>98.0%, TCI America), Zn(NO3)2×6H2O (technical grade, 
Ward’s Science), Co(NO3)2×6H2O (99%, STREM Chemicals, Inc.), ZrCl4 (99.5%, Alfa 
Aesar), CsF (99%, Oakwood Chemical), K2CO3 (lab grade, Ward’s Science), NaOH 
(ACS grade, Fisher Chemical), NaCl (ACS grade, BDH), KOH (ACS grade, Fisher 
Chemical), MgSO4 (reagent grade, Oakwood Chemical), 1,3,5-benzenetricarboxylic acid 
(98%, Alfa Aesar), 1,3,5-tribromobenzene (>95%, Matrix Scientific), 4-methoxycarbonyl 
phenylboronic acid (>97%, Boronic Molecular), palladium(II) acetate (>95+%, Ox-
Chem), polyethylene glycol 400 (lab grade, Merck Millipore), methyl 4-iodo-3-
methylbenzoate (98%, BeamTown Chemical), 4,4,4’,4’,5,5,5’,5’-octamethyl-2,2’-
bi(1,3,2-dioxaborolane) (>98%, Ark Pharm), bis(triphenylphosphine)palladium (II) 
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chloride (96%, Oakwood Chemical), 2,5-dibromoaniline (97%, Oakwood Chemical), 
triphenylphosphine (99%, Sigma-Aldrich), 4,4’-bipyridyl (98%, Sigma-Aldrich), 
salicylaldehyde (99% Alfa Aesar), pyridine (99+%, Alfa Aesar), N,N’-
dimethylformamide (ACS grade, BDH), methanol (>99.8%, HPLC grade, Fisher 
Scientific), ethyl acetate (ACS grade, Merck Millipore), hexane (ACS grade, Macron 
Fine Chemicals), ethanol (200 proof, Decon Laboratories, Inc.), tetrahydrofuran (ACS 
grade, Macron Fine Chemicals), chloroform (ACS grade, Macron Fine Chemicals), 
dimethyl sulfoxide (ACS grade, Fisher Scientific), dichloromethane (ACS grade, 
Oakwood Chemical), trifluoroacetic acid (99%, Oakwood Chemical), glacial acetic acid 
(ACS grade, BDH), hydrochloric acid (ACS grade, Sigma Aldrich), chloroform-d 
(Cambridge Isotope Laboratories, Inc.), and DMSO-d6 (Cambridge Isotope Laboratories, 
Inc.) were used as received.  
Synthesis of MOFs 
 
The compounds Cu3(BTC)2 (Figure 7.6),66 Zn3(BTC)2 (Figure 7.7),40 
Co6(BTC)2(HCO2)6(DMF)659 (HCO2 = formate), Cu3(BTB)2,67 Cu6(BTB)4(BP)3,60 
Co6(BTB)4(BP)3,60 Zr6O4(OH)8(H2O)4(Me2BPDC)4 (Me2BPDC = 2,2'-dimethylbiphenyl-
4,4'-dicarboxylate), [Zr6-MOF],49 Zr6Co4O8(OH)8(H2O)8(Me2BPDC)4, [Zr6Co4-MOF],49 
Zr6O4(OH)4(sal-TPD)650 (sal-TPD = salicylaldimine terphenyl dicarboxylate), 
Zr6O4(OH)4(sal-TPD-Co),50 H2(sal-TPD),50 H3BTB,68 and H2Me2BPDC,69 were prepared 
according to the reported procedures. 
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Figure 7.6. PXRD patterns of 
Cu3(BTC)2: simulated (black), 
experimental (red) and after 
evacuation at 160 °C for 48 h 
(blue). 
 
Preparation of Cu3-yCoy(BTC)2 systems 
In a 20 mL vial, freshly prepared Cu3(BTC)2 (0.135 g, 0.203 mmol) and a solution 
of CoCl2 (10 mL DMF) were heated at 90 °C for 24 h in an isothermal oven. For 
preparation of Cu2.82Co0.18(BTC)2, Cu2.4Co0.6(BTC)2, and Cu1.5Co1.5(BTC)2, 
concentrations of CoCl2 were 0.147, 0.294 and 0.441 M, respectively. After 24 h heating, 
the reaction mixture was cooled down to room temperature, and the resulting green 
powder was washed thoroughly with DMF to remove excess cobalt chloride. After DMF 
washing, the powder was soaked in dichloromethane at room temperature. The solvent 
was replaced twice a day over 72 h before further characterization (Figures 7.8–7.10). 
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Figure 7.7. PXRD 
patterns of Zn3(BTC)2: 
simulated with preferential 
orientation 001 (black), 
experimental (blue) and 
after evacuation at 100 °C 
for 24 h (red). 
 
Figure 7.8. PXRD patterns 
of Cu2.82Co0.18(BTC)2: 
simulated for isostructural 
monometallic Cu3(BTC)2 
(black), experimental (blue) 
and after evacuation at 160 
°C for 48 h (red). 
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Figure 7.9. PXRD 
patterns of 
Cu2.4Co0.6(BTC)2: 
simulated for isostructural 
monometallic Cu3(BTC)2 
(black), experimental (red) 
and after evacuation at 120 
°C for 48 h (blue). 
 
 
Figure 7.10. PXRD patterns 
of Cu2.4Co0.6(BTC)2: 
simulated for isostructural 
monometallic Cu3(BTC)2 
(black), experimental (red) 
and after evacuation at 120 
°C for 48 h (blue). 
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Preparation of Cu3-yZny(BTC)2 systems 
The crystals of Zn3(BTC)2 (1.00 g, 0.533 mmol) were soaked in 2 mL of saturated 
copper nitrate solution in ethanol (1.01 M) at room temperature. For preparation of 
Cu1.05Zn1.95(BTC)2 and Cu2.25Zn0.75(BTC)2, reaction time was chosen 9 and 18 h, 
respectively. The resulting blue crystals were washed thoroughly with DMF to remove 
excess copper nitrate and stored under DMF until further characterization (Figures 7.11–
7.12). 
Preparation of Cu6-yCoy(BTB)4(BP)3 systems 
The Cu2.34Co3.66(BTB)4(BP)3 sample was synthesized by heating a mixture of 
H3BTB (44.7 mg, 0.102 mmol), BP (8.90 mg, 0.0570 mmol), Cu(NO3)2·2.5H2O (15.9 
mg, 0.0685 mmol), and Co(NO3)2·6H2O (19.9 mg, 0.0685 mmol) in 5 mL DMF at 100 
°C for 96 h. To remove an excess of the reagents, the synthesized MOF was thoroughly 
washed by DMF. The washing procedure was repeated three times a day with fresh DMF 
for 3 days (Figures 7.13–7.17). 
X-ray photoelectron spectroscopy studies 
XPS data were collected using a Kratos AXIS Ultra DLD system equipped with a 
hemispherical analyzer and monochromatic Al Kα source; this vacuum system has been 
described in detail elsewhere.56 The base pressure of the vacuum chamber was 2×10–9 
Torr before sample introduction and <2×10–8 Torr during experiments. A charge 
neutralizer was used to compensate for charging by bombarding the sample with low-
energy electrons, and binding energies were set according to the position of adventitious 
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Figure 7.11. PXRD 
patterns of 
Cu2.25Zn0.75(BTC)2: 
simulated for isostructural 
monometallic Cu3(BTC)2 
(black), experimental (red) 
and after evacuation at 160 
°C for 48 h (blue). 
 
Figure 7.12. PXRD 
patterns of 
Cu2.05Zn1.95(BTC)2: 
simulated for isostructural 
monometallic Cu3(BTC)2 
(black), experimental (red) 
and after evacuation at 160 
°C for 48 h (blue). 
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Figure 7.13. (left) A secondary building unit and (right) X-ray 
crystal structure of Cu3(BTB)2.88 Orange, red, and gray spheres 
represent Cu, O, and C atoms, respectively. Hydrogen atoms and 
solvent molecules are omitted for clarity.  
 
 
Figure 7.14. (left) A secondary building unit and (right) X-ray 
crystal structure of Cu6(BTB)4(BP)3.89 Orange, red, blue, and gray 
spheres represent Cu, O, N, and C atoms, respectively. Hydrogen 
atoms and solvent molecules are omitted for clarity.  
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Figure 7.15. PXRD patterns of Cu3(BTB)2: simulated (black), 
experimental (blue) and after evacuation at 100 °C for 4 h (red). 
 
 
 
Figure 7.16. PXRD patterns of Cu6(BTB)4(BP)3: simulated (black), 
experimental (blue) and after evacuation at 130 °C for 24 h (red). 
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Figure 7.17. PXRD patterns of 
Cu2.34Co3.66(BTB)4(BP)3: simulated for isostructural 
monometallic Cu6(BTB)4(BP)3 (black), experimental 
(blue) and after evacuation at 130 °C for 24 h (red). 
 
carbon at 284.8 eV. A step size of 0.06 eV and dwell times of 600 ms for O(1s), 800 ms 
for C(1s), N(1s), and Cl(2p), and 1600 ms for Cu(2p), Co(2p), Zn(2p), Zr(3d) the 
Cu(L3M5M5) region and the valence band region were used.  Survey scans were also 
collected to ensure there were no contaminants introduced during sample preparation.  
Samples could be directly transferred to a catalysis cell without exposure to air.  In the 
catalysis cell, the samples were treated at temperatures ranging from room temperature to 
225 °C under a pure gas flow of Ar (Airgas, UHP 99.999%). The samples were heated by 
means of a shielded boron nitride button heater, and the sample temperature was 
measured by a type K thermocouple pin on which the sample holder was positioned in 
the catalysis cell. 
The Co(2p3/2) binding energies for all of the cobalt-containing MOFs were ~781.6 
eV, and there is a strong satellite feature that appears 4-5 eV higher in binding energy. 
This satellite peak is reported to arise from final state effects and core-hole screening 
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associated with charge transfer from the ligand to the 3d orbitals.70,71 Furthermore, the 
satellite feature is observed in paramagnetic Co+2, but the intensity of the satellite peak is 
much lower or nonexistent for diamagnetic Co+3.70–74 Although the satellite feature is also 
much weaker for diamagnetic Co+2,72, 74 it seems most likely that Co+2 is paramagnetic in 
the cobalt-containing MOFs based on the 16 eV separation of the 2p3/2 and 2p1/2 peaks. 
The 16 eV splitting for MOFs is characteristic of paramagnetic Co+2, whereas a lower 15 
eV splitting is observed for diamagnetic Co+3 in Co complexes.74,75 The Co(2p3/2) binding 
energies for cobalt ions are known to depend strongly on ligand environment as well as 
oxidation state. The value of 781.6 eV observed in these studies is similar to Co+2 in 
CoCl2 (781.7 eV, measured here) and CoO (781.6 eV),76 but Co+2 and Co+3 in cobalt 
complexes have been reported over a wide range of binding energies (778.0-782.5 eV) in 
the literature.75,77 However, Co+3 is observed at ~1 eV higher binding energy than Co+2 in 
the same ligand environment;71 although the Co(2p3/2) peak is observed at lower binding 
energy in Co3O4 (779.5-779.9 eV)76,78 and Co2O3 (780.0 eV)79 compared to CoO, the 
cobalt ions have different structural environments in the oxides. In conclusion, the 
oxidation state of cobalt in the cobalt-containing MOFs is believed to be Co+2. For the 
Co-Cu MOFs, there is no clear evidence for Co+3, given that the peak width of the 
Co(2p3/2) feature in the MOF is similar to that in CoCl2 and the pure cobalt-containing 
MOFs. There is also no change in peak shape or binding energy when the cobalt 
concentration in Cu3-yCoy(BTC)2 is increased from 0 to 50% (Figures 7.18–7.22). 
Microwave conductivity measurements 
 Our microwave conductivity measurements consist of observing the change in 
resonance characteristics induced in a microwave cavity by the sample of interest. This 
experiment was carried out using a custom-built microwave circuit in an X-band  
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Figure 7.18. XPS data for the: a) Cu(2p3/2); and b) Zn(2p3/2) regions 
for Cu1.05Zn1.95(BTC)2 after evacuation. More detailed procedures 
used for each set of samples are given in Table 7.1.  
 
 
Figure 7.19. XPS data for the: a) Cu(2p3/2); and b) valence band 
regions for Cu2.25Zn0.75(BTC)2 after evacuation (red) and after 
heating in Ar at 215° C for 14 hours (blue 
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Figure 7.20. XPS data for Cu1.5Co1.5(BTC)2 (red) and 
Cu2.82Co0.18(BTC)2 (blue) for the: a) Co(2p); and b) Cu(2p3/2) 
regions. The MOFs were evacuated before XPS investigations, 
and the Cu(2p3/2) spectrum for Cu2.82Co0.18(BTC)2 was scaled 
down by a factor of two because the signal intensity from this 
sample was significantly higher than for Cu1.5Co1.5(BTC)2. 
 
 
Figure 7.21. Valence band XPS data for CoCl2 (red). 
The spectrum for Cu1.5Co1.5(BTC)2 (blue) is also 
shown for comparison. The MOF was evacuated 
before XPS investigations. 
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Figure 7.22. Valence band XPS 
data for Cu3(BTB)2 (red). The 
spectrum for Cu3(BTC)2 (blue) is 
also shown for comparison. Both 
MOFs were evacuated before 
XPS investigations.   
waveguide. A voltage-controlled oscillator (Sievers V03262X/00) provided a frequency-
tunable microwave power source with an output of ~100 mW, which was computer 
controlled via a programmable voltage source (Keithley 230). The sample was mounted 
on a fused quartz slide near one of the electric-field maxima inside a custom-built TE102 
microwave resonator, with a natural resonance frequency of ~8.9 GHz and a quality 
factor of ~200. The power reflection coefficient from the cavity was measured as a 
function of microwave frequency using a Schottkey barrier diode (1N23C) mounted 
inside a waveguide short, the (50 ohm terminated) voltage output of which was digitized 
through a source-measure unit (Keithley 236). The power reflection coefficient was 
calculated from the detector voltage by converting voltage into microwave power using a 
previously determined calibration curve (acquired using a pyroelectric power meter), and 
taking the ratio of power reflected from the cavity to that reflected from a brass plate 
mounted at the same position. Interpretation of the acquired data was done through 
explicit electromagnetic simulations of the cavity response to sample properties. 
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Dark microwave conductivity measurements 
 Steady-state microwave absorption or dark conductivity measurements have only 
recently been applied to materials science, and especially framework systems.80 
Nonetheless, the technique provides a quantitative measure of the effective conductivity 
of a sample without the need to fabricate a device, deposit contacts of any kind, or even 
prepare compact films. Instead, a sample powder can be mounted on a substrate (in this 
case, quartz), and be positioned within a characterized microwave cavity to maximize 
interaction with the field, and provide a high degree of sensitivity to changes in the 
sample composition and properties. We measure the change in cavity characteristics as a 
function of each sample, and use finite-element calculations to quantify the sample 
properties from these observations. Figure 7.23 shows the measured resonance curves for 
Cu2.4Co0.6(BTC)2 with baseline measurements of the substrate and mounting tape, and the 
moisture-dependence of Cu3(BTC)2. The y-axis is the microwave power reflection 
coefficient, and the x-axis is the microwave frequency. Each resonance is characterized 
by its position, width, and depth, which jointly encode the change in sample properties 
from one resonance to the next. By measuring the change in these parameters between an 
empty cavity, the cavity with a quartz substrate, with a quartz substrate with double-sided 
mounting tape, and the substrate/tape/MOF powder, we can determine the effective 
conductivity of each component of the total sample. In this study, the main parameter of 
interest is the depth of the resonance curve: the power reflection coefficient at the 
resonance frequency, as this is the most sensitive measure of microwave loss in this 
regime of conductivity and cavity coupling to the measurement circuit. Note that the 
position of the resonance frequency is dominated by the thickness and dielectric constant 
of the materials in the cavity. As more materials are added to the substrate, the frequency 
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shifts downward monotonically. Variations in substrate thickness cause variations in the 
initial resonance position (quartz substrate only). Simulations of the microwave cavity 
response were conducted using COMSOL Metaphysics v4.3, with the RF package. Direct 
fitting of the experimental data is not possible due to the time-consuming nature of the 
calculations, as well as limitations of the software package. Instead, a lookup table was 
generated that encompasses a wide range of sample dielectric constant and conductance 
values. In order to formulate a suitable table, the simulated resonance curves were fit with 
a Lorentzian function, and the fit parameters (resonance frequency, depth, and width) 
were archived for lookup as a function of sample properties.  
This lookup table was then implemented as a fit function in Igor Pro, and a 
simulated annealing algorithm was used to match resonance characteristics of our 
experimental curves to those derived from the simulation, and thus arrive at the 
calculated sample properties. 
 
 
Figure 7.23. Power reflection coefficients versus frequency for (a) 
monometallic and bimetallic MOF samples and (b) moisture exposure 
dependence for the Cu3(BTC)2 sample. 
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Inductively coupled plasma atomic emission spectroscopy 
ICP-AES analysis was conducted using a Finnigan ELEMENT XR double 
focusing magnetic sector field inductively coupled plasma-mass spectrometer (SF-ICP-
MS) with Ir and/or Rh as internal standards. A Micromist U-series nebulizer (0.2 ml/min, 
GE, Australia), quartz torch, and injector (Thermo Fisher Scientific, USA) were used for 
sample introduction. Sample gas flow was 1.08 mL/min, and the forwarding power was 
1250 W. The samples were digested in Teflon vessels with nitric and hydrochloric acids 
and then heated at 180 °C for 4 h.  
Computational details 
 DFT calculations were performed using a finite size cluster model cut out from 
the crystallographically-determined structure of Cu3(BTC)2, which contains a Cu+2 dimer 
surrounded by four BTC units with the carboxylates saturated with H atoms. The 
bimetallic Co-Cu-BTC model was created by replacing one of the Cu atoms with Co in 
our Cu2(BTC)4 cluster model which corresponds to 50% substitution of the second metal. 
Geometry optimizations were carried out employing the hybrid B3LYP method81–83 
(Becke’s three-parameter exchange functional and the correlation functional from Lee, 
Yang, and Parr) and the def2-TZVPP basis set84,85 (Ahlrichs’ split-valence triple-zeta 
basis set with polarization functions on all atoms with additional polarization functions) 
using the TURBOMOLE 6.6 program package.86 Grimme’s DFT-D3 method87 was used 
for including the dispersion corrections for the non-bonding van der Waals interactions 
and the density of states for the clusters were obtained using Gaussian smearing of the 
Kohn–Sham orbital energies (Figure 7.24). 
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7.24. The optimized structures of (a) Cu2(BTC)4 and (b) Co-Cu(BTC)4.  
 
Other Physical Measurements 
Powder X-ray diffraction patterns were recorded on a Rigaku Miniflex II 
diffractometer with accelerating voltage and current of 30 kV and 15 mA, respectively.  
Diffuse reflectance spectra were collected from pressed pellets on a Perkin Elmer 
Lambda 45 UV/Vis spectrometer referenced to Spectralon® or potassium bromide.  
Conductivity on MOF pressed pellets was performed using a source meter 
(Keithley Instruments GmbH, Germering, Germany, Model 2400). The connection 
between the two electrodes was established with a Signatone Mount Stand (Model S-302-
4) and a two-point probe (Head Inc, Model SP4-62045TBY). The set up was calibrated 
using a VLSI Standard (100 mA, 0.011 Ohm) at 2.1 V and 100 mA. 
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Table 7.1. Thermal treatment procedures for prepared monometallic and bimetallic 
MOFs. 
MOF Systems Evacuation Procedure temp., time 
Additional 
Thermal 
Treatmenta 
Cu3(BTC)2 160 °C, 48 h 225 °C, 14 h 
Zn3(BTC)2 100 °C, 24 h 100 °C, 4 h 
Cu3(BTB)2 100 °C, 4 h 100 °C, 1 h 
Cu6(BTB)4(BP)3 100 °C, 24 h – 
Co6(BTB)4(BP)3 130 °C, 6 h – 
Co6(BTC)2(HCO2)6(DMF)6 100 °C, 8 h – 
Zn0.75Cu2.25(BTC)2 160 °C, 48 h 130 °C, 4 h 
Zn1.05Cu1.95(BTC)2 160 °C, 48 h 225 °C, 14 h 
Cu2.82Co0.18(BTC)2 160 °C, 48 h 225 °C, 14 h 
Cu2.4Co0.6(BTC)2 120 °C, 48 h – 
Co1.5Cu1.5(BTC)2 120 °C, 48 h 160°C, 14 h 
Cu2.34Co3.66(BTB)4(BP)3 130 °C, 24 h – 
Zr6Co4-MOF rt b, 1 h – 
Zr6O4(OH)4(sal-TPD-Co) rt, 2 h – 
Zr6-MOF rt, 1 h – 
Zr6O4(OH)4(sal-TPD) rt, 2 h – 
aAdditional treatment was performed in the specialized cell under an argon 
atmosphere before sample transfer into the XPS chamber. 
brt = room temperature 
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CHAPTER 8 
MULTIFACETED MODULARITY: A KEY FOR STEPWISE BUILDING OF 
HIERARCHICAL COMPLEXITY IN ACTINIDE METAL-ORGANIC 
FRAMEWORKS 
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Growing necessity for efficient nuclear waste management is a driving force for 
development of alternative architectures towards fundamental understanding of 
mechanisms involved in actinide integration inside extended structures. In this 
manuscript, metal-organic frameworks (MOFs) were investigated as a model system for 
engineering radionuclide containing materials through utilization of unprecedented MOF 
modularity, which cannot be replicated in any other type of materials. Through the 
implementation of recent synthetic advances in the MOF field, hierarchical complexity of 
An-materials were built stepwise, which was only feasible due to preparation of the first 
examples of actinide-based frameworks with “unsaturated” metal nodes. The first 
successful attempts of solid-state metathesis and metal node extension in An-MOFs are 
reported, and the results of the former approach revealed drastic differences in chemical 
behavior of extended structures versus molecular species. Successful utilization of MOF 
modularity also allowed us to structurally characterize the first example of bimetallic An-
An nodes. To the best of our knowledge, through combination of solid-state metathesis, 
guest incorporation, and capping linker installation, we were able to achieve the highest 
Th wt% in mono- and bi-actinide frameworks with minimal structural density. Overall, 
combination of a multistep synthetic approach with homogeneous actinide distribution 
and moderate solvothermal conditions could make MOFs an exceptionally powerful tool 
to address fundamental questions responsible for chemical behavior of An-based 
extended structures, and therefore, shed light on possible optimization of nuclear waste 
administration.  
INTRODUCTION 
Modularity of hybrid frameworks is an attractive and desirable foundation for 
development of new constituents, motifs, and architectures for efficient storage, 
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separation, and selective sequestration of nuclear waste, which could address current 
challenges, especially in light of recently reported problems.1–8 Framework versatility,9–18 
in combination with its modularity,19–27 can lead to a more homogeneous actinide 
distribution (e.g., through actinide metal nodes28–39 or anchoring the actinide to organic 
linkers40–45), which decreases the accumulation of possible radiation damage caused by 
formation of vacancies and defects.46–49 In addition to actinide inclusion, hybrid 
frameworks also offer the opportunity for actinide immobilization through covalent bond 
formation. Furthermore, the solvothermal approach commonly used for preparation of 
metal-organic frameworks (MOFs) relies on moderate temperatures, which prevents 
formation of volatile radioactive species, in contrast to a ~1000 °C temperature regime 
required for preparation of radionuclide-containing borosilicate glass as contaminant 
sequesters.47 
In this work, we applied a sequential multi-step approach utilizing MOF 
modularity and versatility to (i) prepare the first examples of An-bimetallic MOFs 
through metal node extension and transmetallation, both of which occurred through 
single-crystal-to-single-crystal transformations; the latter allowed us to demonstrate a 
drastic difference in chemical behavior between molecular species versus extended 
structures (Scheme 8.1), (ii) perform the first postsynthetic capping linker installation on 
An-integrated systems, (iii) demonstrate sequential installation of two capping linkers 
including one with a selective actinide binding site, (iv) test the possibility of 
simultaneous capping linker installation and An-containing guest inclusion on bimetallic 
and monometallic frameworks, (v) prepare a Th-containing framework possessing the 
largest pore aperture and highest measured surface area known to date, and (vi) 
synthesize a framework with the highest Th wt% and minimal structural density currently 
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reported. These findings were possible due to synthesis of the first examples of An-
containing frameworks with “unsaturated” metal nodes, i.e., the number of organic 
linkers coordinated to one metal node is less than the maximum possible such as 12.22 
The following discussion in this paper is organized by synthetic strategies, which 
were used to build stepwise hierarchical complexity of An-integrated systems. 
Comprehensive analysis of materials and their precursors, including single-crystal and 
powder X-ray diffraction (PXRD), inductively coupled plasma atomic emission 
spectroscopy (ICP), thermogravimetric and gas sorption analyses, nuclear magnetic 
resonance (NMR), Fourier transform infrared (FTIR), and X-ray photoelectron 
spectroscopies (XPS), and theoretical modeling is also discussed for each system 
separately. 
RESULTS AND DISCUSSION 
To build hierarchical complexity of An-based materials stepwise, we prepared 
four precursors shown in Figure 8.1: three actinide-containing MOFs, M-Linker-n (M 
(Th, U) = a metal in the node, Linker = an organic linker, and n = number of carboxylic 
groups attached to a metal node), and one Zr-MOF (PCN-700).50 The novel actinide-
containing frameworks, Th6O4(OH)6(TFA)2(Me2BPDC)5 (Th6-Me2BPDC-10; 
Me2BPDC2- = 2,2′-dimethylbiphenyl-4,4′′-dicarboxylate, TFA = trifluoroacetic acid), 
U6O4(OH)8(Me2BPDC)4(DMF)2 (U6-Me2BPDC-8, DMF = N,N’-dimethylformamide), 
and Th6O4(OH)4(TPDC-NH2)6 (Th6-TPDC- NH2-12; TPDC-NH22- = 2′-amino-terphenyl-
4,4′′-dicarboxylate) were prepared using the solvothermal method. Detailed experimental 
conditions and procedures used for An- MOF synthesis are given in Table 8.1 and 
discussed in the Experimental Section (vide infra). 
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Scheme 8.1. A Schematic Representation 
of Precursors (An-MOF and Zr-MOF) and 
Synthetic Strategies Utilized for Actinide 
Integration Inside the Rigid Framework. A 
Set of Organic Linkers Utilized for MOF 
Preparation and Postsynthetic Capping 
Linker Installationa 
 
 
 
aThe red color indicates actinide location: 
red spheres represent An-based metal nodes; 
grey spheres – Zr-based metal nodes; grey 
solid sticks – organic linkers used for 
framework synthesis; blue springs – capping 
linker; red springs – capping linkers 
functionalized with an anchoring group; red 
icosahedra – non covalently bound actinide-
containing guests (UO22+, Th4+).  
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Both synthesized Th6-Me2BPDC-10 and U6-Me2BPDC-8 contain “unsaturated” 
metal nodes An6O4(OH)xLy (An = U, Th; x = 8 (U) or 6 (Th); y = 4 (U) or 5 (Th)) shown 
in Figure 8.1. These frameworks represent the first examples of An- MOFs, which could 
be used as precursors for metal node extension and/or capping linker installation. In 
contrast, the third example of a synthesized An-MOF, Th6-TPDC-NH2-12, belongs to a 
series of MOFs possessing UiO-topology (UiO = University of Oslo).51,52 The Th6-
TPDC-NH2-12 framework possesses the largest pore aperture (20 ´ 28 Å) and the highest 
BET surface area (880 m2/g) reported for Th-based MOFs to date, which opens the 
possibility to increase actinide content through guest inclusion. 
 
 
Figure 8.1. Crystal structures and metal nodes of frameworks utilized as 
precursors for building hierarchical complexity (from left to right): Zr6-
Me2BPDC-8, Th6-Me2BPDC-10, U6-Me2BPDC-8, and Th6-TPDC-NH2-12. 
Two organic linkers used for framework synthesis are also shown. Red, 
purple, black, pink, and grey spheres represent Th, U, Zr, O, and C atoms, 
respectively. Hydrogen atoms and solvents molecules were omitted for 
clarity. 
 
Capping Linker Installation 
Installation of the capping linker was probed on the example of Th6-Me2BPDC-10 
(Table 1), which possesses “unsaturated” metal nodes, and therefore, satisfies the initial 
criteria necessary to perform this synthetic approach. The choice of capping linkers is 
 270 
based on the size of the pocket between metal nodes in a parent framework, where 
additional linkers can be installed. For instance, the capping linker, H2TPDC-NH2 (length 
= 15 Å), was chosen because of the Th6-Me2BPDC-10 topology to cap cylindrical pores 
with the 16 × 16 Å channels (Figure 8.2). In this case, 80% installation of the capping 
linker was achieved according to 1H NMR spectroscopic analysis by heating Th6-
Me2BPDC-10 in a DMF solution of H2TPDC-NH2 at 75 °C for 24 h. The synthesized 
Th6-Me2BPDC(TPDC-NH2) (here and throughout the manuscript the capping linker is 
designated in parentheses) is the first example of an actinide-containing MOF 
successfully utilized for postsynthetic capping linker installation demonstrating similar 
versatility of the An-MOFs in comparison with the well-known Zr-based analogs.50,53–55 
Heating of Th6-Me2BPDC-10 in the presence of ThCl4 (guest) and H2TPDC-NH2 
led to simultaneous capping linker installation and actinide species incorporation inside 
the framework, resulting in the formation of a material with 52 wt% of Th according to 
ICP data. In comparison to the “empty” scaffold, simultaneous heating of the sample in 
the presence of a Th-containing guest slightly increased the actinide content by 62 mg/kg 
of material (calculated based on the Th content in a MOF). To perform a comprehensive 
analysis of all known Th-containing systems to date, we estimated the Th-content (Th 
wt%) in all reported Th-based MOF as a function of 1/d (d = framework structural 
density, Figure 8.3). Based on our calculations, Th6-Me2BPDC(TPDC-NH2) with 
incorporated Th4+ ions in the pores has the highest Th wt% with minimal structural 
density among all of the currently prepared monometallic thorium-containing MOFs. The 
next step in the postsynthetic modification of MOFs was derivatization of a capping 
organic linker (H2TPDC-NH2) with diethoxyphosphorylurea (DEPU) groups for selective 
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actinide binding. Thus, we prepared H2TPDC-DEPU (Scheme 8.1), which was shown to 
be a good candidate for uranium extraction from seawater.40 
Table 8.1. Synthetic conditions for An-containing MOFs. 
 
Compound Precursors T,°C/t, h 
U6-Me2BPDC-8 UCl4, H2Me2BPDC 120/7 
Th6-Me2BPDC-10 ThCl4, H2Me2BPDC 120/9 
Th6-TPDC-NH2-12 ThCl4, H2TPDC-NH2 120/72 
Th5.65U0.35-Me2BPDC-8 U6-Me2BPDC-8, 
ThCl4 
rt/72 
Zr6U0.87-Me2BPDC-8 Zr6-Me2BPDC-8, 
UO2(CH3COO)2 
75/72 
Th6U4-Me2BPDC-8 Th6-Me2BPDC-10 
UO2(CH3COO)2 
75/72 
Th6-Me2BPDC 
(TPDC-NH2) 
Th6-Me2BPDC, H2TPDC-
NH2 
75/24 
Zr6-Me2BPDC(TPDC-
DEPU)(NDC) 
1) Zr6-Me2BPDC, 
H2TPDC-DEPU 
75/24 
 2) Zr6-Me2BPDC(TPDC-
DEPU), H2NDC 
75/24 
Th5.65U0.35-Me2BPDC(SDC) Th5.65U0.35-Me2BPDC, 
H2SDC 
75/24 
Zr6U0.87-Me2BPDC(SDC) Zr6U0.87-Me2BPDC,  
H2SDC 
75/24 
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The length of H2TPDC-DEPU (15 Å) makes it suitable for postsynthetic 
installation in Zr6-Me2BPDC-8, which has two pockets of different sizes (11 Å and 17 Å, 
Figure 8.4) as previously shown by the Zhou group.50 By utilizing Zr6-Me2BPDC-8, we 
performed sequential installation of two different capping linkers. The first capping 
linker, H2TPDC-DEPU, was introduced into the structure as an anchor to covalently bind 
UO22+ uranyl species. The remaining free equatorial positions between metal nodes can 
be occupied by a shorter linker, such as NDC2– (NDC2– = naphthalene-2,6-dicarboxylate, 
Scheme 8.1). For H2TPDC-DEPU installation, crystals of Zr6-Me2BPDC-8 were heated 
in a DMF solution of the capping linker at 75 °C for 24 h, which resulted in 53% linker 
installation. In the second step, we performed simultaneous guest inclusion and capping 
linker installation. For that, Zr6-Me2BPDC(TPDC-DEPU) was heated in a DMF solution 
of H2NDC (Figure 8.4) in the presence of uranyl acetate at 75 °C for 24 h, which resulted 
in 76% installation of the second linker, NDC2–, according to 1H NMR spectroscopic 
analysis. The simultaneous installation of the capping linker and incorporation of guest 
species (UO22+) resulted in a high amount of uranium (44 wt%) immobilized in the pores 
of the material. After installation of H2TPDC-DEPU as a capping linker, we observed a 
relatively small amount of uranyl ions coordinated to the anchoring group (<1 wt%), 
which could be explained by spatial anchor separation and a relatively low content of 
phosphoryl urea groups impeding cation coordination. Despite that fact, overall actinide 
content is still comparable with the actinide content in the metal nodes of frameworks 
prepared by direct synthesis. 
As the next strategy for actinide integration inside a rigid framework matrix, we 
explored the possibility of metal node extension. This strategy was previously reported  
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Figure 8.2. Installation of H2TPDC-NH2 capping 
linker (blue spring) in Th6-Me2BPDC-10 through 
coordination to “unsaturated” metal nodes 
leading to formation of Th6-Me2BPDC(TPDC-
NH2). Hydrogen atoms are omitted for clarity. 
for transition metals such as nickel or cobalt using Zr-based MOFs.56 To extend this 
approach, coordination of actinide ions to the MOF metal nodes was probed by heating 
the Zr6-Me2BPDC-8 framework in a DMF solution in the presence of UO2(CH3COO)2 at 
75 °C for 3 d (Table 8.1). According to single-crystal X-ray diffraction data, such 
treatment resulted in preservation of parent MOF topology while the Zr-node underwent 
structural modification and formation of Zr6O4(OH)8(Me2BPDC)4U0.87O2.61 (Zr6U0.87-
Me2BPDC-8, Figure 8.5). As shown in Figure 8.5, each metal node contains eight uranyl 
groups (i.e., four on each side of the metal node). Presence of a uranyl unit was also 
clearly observed in the FTIR spectrum, where the U=O vibrational stretches at 913 and 
866 cm-1 are pronounced. XPS studies of the prepared bimetallic systems also 
demonstrate the presence of zirconium and uranium in +4 and +6 oxidation states, 
respectively (Figure 8.5). Thus, the reported bimetallic framework, Zr6U0.87- Me2BPDC-
8, is the first example of a successful metal node extension through actinide integration. 
For further exploration of actinide behavior, we studied the possibility of coordination of 
the uranyl unit in Th6-Me2BPDC-10 to create a bimetallic system with metal nodes solely 
occupied by actinides. Indeed, thermal treatment of Th6-Me2BPDC-10 in the presence 
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Figure 8.3. Wt% of thorium in MOFs as a function of 
structural 1/d (d = density*). Red diamonds are this work, 
blue diamonds – literature data. 1: Th6-Me2BPDC-10, 2: 
Th5.65U0.35-Me2BPDC(SDC), 3: Th6-Me2BPDC-12, 4: 
Th6O4(OH)4(H2O)6(BDC)6·6DMF 
·12H2O,32 5: Th[(BTC)F]×0.3H2O,31 6: [(Th2F5)-(3,5-PDC)2 
(H2O)][NO3],57 7: Th(BDC)2,32,58 8: Th(2,4-PYDC)2(H2O),59 
9: Th(2,3-PYDC)2(H2O)2·2H2O,59 10: Th(2,5-PZDC)2(H2O)2 
·2H2O,59 11: Th(2,3-PZDC)2(H2O)3·H2O,59 12: 
Th(BTCA)(DMF)2(H2O),58 13: Th(BDC)2(DMF)232,58, 14: 
Th(2,5-PYDC)(H(2,5-PYDC))2(H2O)3·2H2O,59 15: 
[Th(TPO)(OH) 
(H2O)]·8H2O,60 16: [AMIM]2[Th(BTB)Cl3],61 17: [AMIM]5 
[Th2(BTB)2Cl6]·Cl,61 18: [BMIM][Th(TPO)Cl2]·18H2O60, 
19: [DMA][Th2(NTB)3(H2O)2]·8H2O·6DMF61; (BDC2– = 
terephthalate, BTC3– = benzene-1,3,5-tricarboxylate, 3,5-
PDC2– = 3,5-pyridinedicarboxylate, 2,4-PYDC2– = 2,4-
pyridinedicarboxylate, 2,3-PYDC2– = 2,3-pyri-
dinedicarboxylate, 2,5-PZDC2– = 2,5-pyrazinedicarboxylate, 
2,3-PZDC2– = 2,3-pyrazinedicarboxylate, BTCA4– = 1,2,4,5-
benzene-tetracarboxylate, 2,5-PYDC2– = 2,5-
pyridinedicarboxylate, TPO3– = 4,4',4''-(oxo-l5-
phosphanetriyl)tribenzoate, AMIM+ = 1-allyl-3-
methylimidazolium, BTB3-= benzene-1,3,5-tribenzoate, 
BMIM+ = 1-butyl-2, 3-dimethylimida-zolium, DMA = 
dimethyl amine, NTB3– = 4,4',4''-nitrilo-tribenzoate).  
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of UO2(CH3COO)2 at 75 °C for 3 d resulted in formation of Th6U4-Me2BPDC-8 (Table 
8.1, Figure 8.6), in which thorium-based metal nodes are extended with UO22+ units. 
Remarkably, both Zr-U and Th-U metal node extension was confirmed by single-crystal 
X-ray diffraction, and therefore, implied single-crystal-to-single-crystal transformations. 
XPS studies also confirmed presence of U+6 and Th+4 in the sample, while FTIR 
spectroscopic analysis revealed appearance of –U=O vibrational stretches at 913 and 866 
cm–1 (Figure 8.6). Thus, Th6U4-Me2BPDC-8 is the first example of bimetallic actinide-
based framework prepared through metal node extension. The next question, which we 
tried to address in our studies, was the possibility of simultaneous capping linker 
installation and An-containing guest inclusion using  
 
 
Figure 8.4. Stepwise installation of two capping 
linkers (red and blue springs) in Zr6-Me2BPDC-8 
leading to formation of Zr6-Me2BPDC(TPDC-
DEPU)(NDC). 
bimetallic An-MOFs prepared through metal node extension. In this case, we 
successfully combined the three synthetic approaches discussed previously in the 
manuscript: capping linker installation, metal node extension, and guest inclusion and 
thereby, further build structural complexity of the An-based systems proposed initially. 
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As a precursor for our complex approach, we used Zr6U0.87-Me2BPDC-8 possessing 
“unsaturated” metal nodes necessary to perform the first attempts in combination of the 
developed approaches. To cap the cylindrical pores (17 ´ 19 Å), the Zr6U0.87-Me2BPDC 
was heated in the presence of H2SDC (SDC2- =4,4’-stilbenedicarboxylate, length = 14 Å, 
Scheme 8.1) and UO2(CH3COO)2, which resulted in formation of Zr6U0.87-
Me2BPDC(SDC) with 50% SDC2– linker installation. The overall actinide content was  
 
 
Figure 8.5. (top) Packing and metal nodes of 
Zr6-Me2BPDC-8 and Zr6U0.87-Me2BPDC-8. 
Insets show photographs of Zr6-Me2BPDC-8 and 
Zr6U0.87-Me2BPDC-8 powders highlighting the 
drastic color change during metal node 
extension. Black, purple, pink, and grey spheres 
represent Zr, U, O, and C atoms, respectively. 
Hydrogen atoms and solvents molecules were 
omitted for clarity. (bottom) XPS data for Zr(3d) 
and U(4f) regions for Zr6U0.87-Me2BPDC-8. 
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Figure 8.6. (top) Packing and metal 
nodes of Th6-Me2BPDC-10 and Th6U4-
Me2BPDC-8. Red, purple, pink, and grey 
spheres represent Th, U, O, and C atoms, 
respectively. Hydrogen atoms and 
solvents molecules were omitted for 
clarity; (bottom) FTIR spectra of Th6-
Me2BPDC-10 (red) and Th6U4-
Me2BPDC-8 (purple). 
found to be 19 wt% based on the ICP data, which is almost twice higher in comparison 
with the parent framework. 
Transmetallation 
We have extended the MOF modularity for An integration by probing 
transmetallation reactions successfully applied before for transition metal incorporation. 
Inspired by the reported example of a molecular Zr-containing planar 15-membered 
macrocycle,62 where successful Zr-to-Th cation exchange was achieved upon heating in 
solution (Figure 8.7), we attempted to perform transmetallation reactions in MOFs. 
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However, heating of the extended structures such as Zr6-Me2BPDC-8 in the presence of a 
thorium salt at 75 °C, even for as long as 14 d, did not result in any detectable structural 
change (Figure 8.7). This fact could be explained a much higher flexibility of metal 
environment in complexes rather than that in MOFs62 despite the previously mentioned 
successful utilization of a MOF matrix as chelating ligands to trap unusual coordination 
environment of metal ions.63,64 To shed light on such drastic difference in the behavior of 
molecular species versus rigid frameworks, we have carried out theoretical calculations 
of energy of formation. For that, we used the truncated model, Zr6(HCO2)8O8, shown in 
Table 8.2. Density functional calculations (DFT) revealed that zirconium-to-actinide 
exchange is not favorable according to estimated energies of formation (Ef). The energies 
of formation for substitution of one zirconium or six zirconium in the metal node were 
estimated to be 9.70 and 62.78 eV (in the case of thorium) and 7.21 and 45.12 eV (in the 
case of uranium), respectively. The obtained values of Ef for the metal-exchanged 
truncated model are shown in Table 8.2. Thus, Zr-to-An (An = Th, U) substitution is 
energetically unfavorable in extended structures such as MOFs compared to the reported 
molecular complex. 
In contrast to Zr6-Me2BPDC-8, which is robust towards cationic exchange, 
soaking of U6-Me2BPDC-8 possessing the same topology in the presence of ThCl4 even 
at room temperature resulted in preparation of Th5.65U0.35-Me2BPDC-8, the first example 
of successful actinide-to-actinide cation exchange in MOFs (Table 8.1). The U-to-Th 
substitution can be monitored visually since it is accompanied by a drastic color change 
from dark green to pristine white (Figure 8.8). Based on the ICP data, we confirmed 
almost complete (94%) U-to-Th exchange (Figure 8.8). Since such exchange occurred 
through single-crystal-to-single-crystal transformation, we were able to monitor absence 
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of detectable topological changes by single-crystal X-ray diffraction. Our attempts to 
achieve Th-to-U substitution using Th6-TPDC-NH2-12 were not successful probably due 
to differences of metal node stability, which are currently under investigation. 
To probe capping linker installation on the stable bimetallic MOFs, the 
Th5.65U0.35-Me2BPDC-8 MOF was heated in the presence of H2SDC (length = 14 Å) to 
cap cylindrical pores with 12 ´ 16 Å channels at 75 °C for 24 h, which resulted in 
formation of Th5.65U0.35-Me2BPDC(SDC) with 76% SDC2– linker installation (Table 
8.10). To the best of our knowledge, Th5.65U0.35-Me2BPDC(SDC) is the first example of a 
bimetallic solely An-containing system utilized for successful capping linker installation. 
Further heating of Th5.65U0.35-Me2BPDC in the presence of both H2SDC and ThCl4 at 75 
°C for 24 h resulted in preparation of a material with an overall actinide content of 67 
wt%. Simultaneous incorporation of guest species (Th4+) and capping linker installation 
inside transmetallated Th5.65U0.35-Me2BPDC resulted in preparation of novel bi-actinide 
Th-based system with the highest Th/U content (wt%) among all Th-based frameworks 
known to date (Figure 8.3). 
To estimate the efficiency of the proposed approach, we performed a comparison 
of the actinide amount included on each synthetic step. At the first step (direct synthesis), 
we achieved 40–50 wt% of actinide in frameworks, which were used as precursors for 
our studies (Figure 8.1). Further increase of An wt% could be achieved through 
transmetallation or metal node extension. 
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Figure 8.7. Transmetallation in a molecular 
Zr-containing planar 15-membered 
macrocycle (top)62 and MOFs (bottom). 
 
CONCLUSION 
To summarize, we applied a sequential multi-step approach utilizing MOF 
modularity and versatility to:  
(1) prepare the first examples of An-bimetallic MOFs through metal node 
extension and transmetallation. Both reactions include single-crystal-to-single-crystal 
transformations. This allowed for insights on the structural information of both MOF-
precursors and prepared An-MOFs and structurally support the observed differences in 
chemical behavior of extended structures versus molecular species. 
(2) achieve the first examples of Th/U or U-integrated systems, postsynthetically 
modified with a capping linker. We have also demonstrated that sequential installation of 
two capping linkers, one of which was modified with a selective site for actinide binding, 
can be performed by utilization of a Zr-based platform. 
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Table 8.2. Energy of formation for one-atom (Zr-to-An) and for the six-atom (Zr-to-An) 
substitution reactions Ef{1} and Ef{6}, respectivelya 
 
 
Ef, eV 
(B3LYP-D3) 
Ef, eV  
(PBE-D3) 
Ef{1} Th at pos1 9.70 9.61 
Ef{1} Th at pos3 10.76 10.47 
Ef{6} Th 62.78 61.65 
Ef{1} U at pos 7.21 7.99 
Ef{1} U at pos3 7.68 8.49 
Ef{6} U 45.12 50.12 
aEnergy of formation for the one-atom substitution reaction (Ef{1}): An4+ + 
Zr6(HCO2)8O8 = AnZr5(HCO2)8 + Zr4+ 
and for the six-atom substitution reaction  
(Ef{6}): 6An4+ + Zr6(HCO2)8O8 = An6(HCO2)8O8 + 6Zr4+ 
Pos1 and pos3 refer to the one-atom substitution site at 1 and 3. Inset shows 
relaxed structure of the Zr6(HCO2)8O8 cluster. The black, grey, pink, and white 
spheres represent Zr, C, O, and H, respectively. Sites 1 and 4 are equivalent. Sites 2, 
3, 5, and 6 are equivalent. 
 
 (3) test the possibility of simultaneous capping linker installation and An-
containing guest inclusion in bimetallic (Zr-U and Th-U) and monometallic (Th) systems. 
(4) prepare a Th-containing framework possessing, to the best of our knowledge, 
the largest pore aperture and highest measured surface area known to date. 
(5) synthesize a framework with the highest Th wt% with minimal structural 
density reported to date.  
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Figure 8.8. Packing and metal nodes of U6-
Me2BPDC-8 and Th6-Me2BPDC-8. Insets show 
the color change occurred during cation 
exchange process. Red, purple, pink, and grey 
spheres represent Th, U, O, and C atoms, 
respectively. Hydrogen atoms and solvents 
molecules were omitted for clarity. 
The described findings were possible due to the synthesis of the first examples of 
An-containing frameworks with “unsaturated” metal nodes.  
To conclude, we demonstrated the unprecedented role of framework modularity 
towards stepwise building of hierarchical complexity in An-MOFs, which is essential for 
fundamental understanding of the mechanisms involved in actinide integration inside 
extended structures, and thereby, formulate principles for more efficient nuclear waste 
management.  
EXPERIMENTAL SECTION 
Caution! Uranium and thorium salts are radioactive and chemically toxic 
reactants; suitable precautions, care, and protection for the handling of such substances 
must be followed. 
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Materials 
UCl4 (>95%, International Bio-Analytical Industries Inc.), ThCl4 (>95%, 
International Bio-Analytical Industries Inc.), UO2(NO3)2×6H2O (98%, International Bio-
Analytical Industries Inc.), UO2(CH3COO)2×2H2O (98%, International Bio-Analytical 
Industries Inc.), ZrCl4 (99.5%, Alfa Aesar), CsF (99%, Oakwood Chemical), KOH (ACS 
grade, Fisher Chemical), K2CO3 (lab grade, Ward’s Science), 2,5-dibromoaniline (97%, 
Oakwood Chemical), 4-methoxycarbonyl phenylboronic acid (>97%, Boronic 
Molecular), 2,6-naphthalene-dicarboxylic acid (>98%, TCI), stilbene-4,4’-dicarboxylic 
acid (98%, AK Scientific), Pd(OAc)2 (>95%, Ox-Chem), triphenylphosphine (99%, 
Sigma-Aldrich), diethoxyphosphinyl isocyanate (>90%, Alinda Chemical Ltd.), methyl 
4-iodo-3-methylbenzoate (98%, BeanTown Chemical), 4,4,4’,4’,5,5,5’,5’-octamethyl-
2,2’-bi(1,3,2-dioxaborolane) (>98%, Ark Pharm), PdCl2(PPh3)2 (96%, Oakwood 
Chemical), trifluoroacetic acid (99%, Sigma Aldrich), tetrahydrofuran (ACS grade, 
Macron Fine Chemicals), dichloromethane (ACS grade, Oakwood Chemical), methanol 
(ACS grade, Fischer Scientific), diethyl ether (ACS grade, J. T. Baker® Chemicals), 
dimethyl sulfoxide (ACS grade, Fisher Scientific), N,N’-dimethylformamide (ACS grade, 
BDH), chloroform-d (Cambridge Isotope Laboratories, Inc.), and DMSO-d6 (Cambridge 
Isotope Laboratories, Inc.) were used as received. 
Synthesis. The compounds 2,2'-dimethylbiphenyl-4,4'-dicarboxylic acid 
(H2Me2BPDC),65 2'-amino-[1,1':4',1''-terphenyl]-4,4''-dicarboxylic acid (H2TPDC-
NH2),66 2'-(3-(diethoxyphosphoryl)ureido)-[1,1':4',1''-terphenyl]-4,4''-dicarboxylic acid 
(H2TPDC-DEPU),40 and Zr6-Me2BPDC-850 were prepared according to the reported 
procedures. 
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Synthesis and characterization of Th6-Me2BPDC-10 
A mixture of ThCl4 (24 mg, 65 µmol), H2Me2BPDC (4.3 mg, 16 µmol), 
trifluoroacetic acid (25 µL), and DMF (0.75 mL) were mixed in a 1-dram vial. The 
mixture was heated at 120 °C on a hot plate for 9 h. After cooling to room temperature, 
the colorless crystals of Th6-Me2BPDC-10 (6.0 mg, 2.1 µmol, yield: 65%) were collected 
by filtration and washed three times with DMF. IR (neat, cm-1): 2920, 2853, 1665, 1593, 
1546, 1408, 1382, 1255, 1206, 1090, 1006, 910, 863, 777, 732, and 658 (Figure 8.10). 
The metal node and packing of Th6-Me2BPDC-10 are shown in Figure 8.1. As shown in 
Figure 8.9, the PXRD pattern of Th6-Me2BPDC-10 matches the one simulated from 
single-crystal X-ray data. Moreover, PXRD studies were used to confirm crystallinity of 
bulk material (Figure 8.9). The thermal stability of Th6-Me2BPDC-10 was studied by 
thermogravimetric analysis, which demonstrated the rapid loss of solvent molecules at 
the 25–125 °C temperature range (Figure 8.9). The observed weight loss (~32 wt%) at 
this temperature range can be attributed to the removal of non-coordinated solvent 
mixture of DMF and H2O, which is in good correlation with the residual electron density 
calculated from the single-crystal X-ray data. Furthermore, the samples were 
characterized by FTIR spectroscopy and gas sorption analysis as shown in Figure 8.10. 
Before gas sorption analysis, the as-synthesized MOF was washed with DMF and 
evacuated at 160 °C for 24 h. Fitting the N2 adsorption isotherm to the Brunauer-Emmett-
Teller (BET) equation resulted in a surface area of 741 m2/g (Figure 8.10).  
Synthesis of and characterization of U6-Me2BPDC-8 
A mixture of UCl4 (12 mg, 32 µmol), H2Me2BPDC (4.3 mg, 16 µmol), 
trifluoroacetic acid (25 µL), and DMF (0.29 mL) were mixed in a 1/2-dram vial. The 
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mixture was heated at 120 °C on a hot plate for 7 h. After cooling to room temperature, 
the green crystals of U6-Me2BPDC-8 (7.0 mg, 2.4 µmol, yield: 61%) were retained in the 
mother liquor. IR (neat, cm-1): 2930,  
 
 
 
Figure 8.9. (left) PXRD patterns of Th6-Me2BPDC-10: simulated (red) and 
experimental (black). (right) Thermogravimetric analysis plot of Th6-
Me2BPDC-10. 
 
 
Figure 8.10. (left) FTIR spectrum of Th6-Me2BPDC-10. (right) N2 adsorption 
isotherm of Th6-Me2BPDC-10. 
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2862, 1574, 1498, 1409, 1378, 1253, 1195, 1090, 1062, 1006, 916, 865, 780, 673, and 
657 (Figure 8.12). The obtained crystals were suitable for single-crystal X-ray analysis. 
The metal node and packing of U6-Me2BPDC-8 are shown in Figure 8.1. Table 8.3 
contains the crystallographic refinement data. As shown in Figure 8.11, the PXRD 
pattern of U6-Me2BPDC-8 matches the one simulated from single-crystal X-ray data. 
PXRD studies were also used to confirm crystallinity of bulk material (Figure 8.11). 
Thermal stability of U6-Me2BPDC-8 was studied by thermogravimetric analysis (Figure 
8.11), which demonstrated a rapid weight loss (~ 38 wt%) occurring at the 25–300 °C 
temperature range. 
Synthesis and characterization of Th6-TPDC-NH2-12 
A mixture of ThCl4 (32 mg, 86 µmol), H2TPDC-NH2 (20 mg, 60 µmol), acetic 
acid (100 µL), and DMF (4 mL) were mixed in a 2-dram vial. The mixture was heated at  
 
 
Figure 8.11. (left) PXRD patterns of U6-Me2BPDC-8: simulated (red) and 
experimental (black). (right) Thermogravimetric analysis plot of U6-Me2BPDC-8. 
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Figure 8.12. FTIR spectrum of U6-Me2BPDC-8. 
120 °C in an oven for 72 h. After cooling, the crystals of Th6-TPDC-NH2-12 (25 mg, 6.9 
μmol, yield: 69%) were collected by filtration and washed three times with DMF. IR 
(neat, cm-1): 3342, 2928, 1659, 1597, 1549, 1386, 1253, 1180, 1089, 864, 838, 780, 709, 
and 658 (Figure 8.14). The metal node and packing of Th6-Me2BPDC-12 are shown in 
Figure 8.1. As shown in Figure 8.13, the PXRD pattern of Th6-TPDC-NH2-12 matches 
the one simulated based on the single-crystal X-ray analysis. PXRD studies were used to 
confirm crystallinity of bulk material (Figure 8.13). Thermal stability of Th6-Me2BPDC-
12 was studied by thermogravimetric analysis (Figure 8.13). The observed weight loss 
(~42 wt%) in this temperature range could be attributed to the removal of non-
coordinated solvent mixture of DMF and H2O used for MOF synthesis, which is in good 
correlation the residual electron density calculated from single-crystal X-ray data. 
Furthermore, the samples were characterized by FTIR and gas sorption analysis as shown 
in Figure 8.14. Before gas sorption analysis, the as-synthesized MOF was washed with  
 288 
 
 
Figure 8.13. (left) PXRD patterns of Th6-TPDC-NH2-12: simulated (red) and 
experimental (black). (right) Thermogravimetric analysis plot of Th6-TPDC-
NH2-12. 
  
 
Figure 8.14. (left) FTIR spectrum of Th6-TPDC-NH2-12. (right) N2 adsorption isotherm 
of Th6-TPDC-NH2-12. 
 
DMF and evacuated at 200 °C for 10 h. Fitting the N2 adsorption isotherm to the BET 
equation resulted in a surface area of 880 m2/g (Figure 8.14). 
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X-ray crystal structure determination 
Th6-Me2BPDC-10 (Th6C84H60F6O38). X-ray intensity data from a colorless rod-
like crystal were collected at 100(2) K using a Bruker D8 QUEST diffractometer 
equipped with a PHOTON-100 CMOS area detector and an Incoatec microfocus source 
(Mo Kα radiation, λ = 0.71073 Å). The crystals decompose and lose crystallinity after ca. 
1 h under paratone-N oil. The raw area detector data frames were reduced and corrected 
for absorption effects using the Bruker APEX3, SAINT+ and SADABS programs.84,85 
Final unit cell parameters were determined by least-squares refinement of 9438 
reflections taken from the data set. The structure was solved with 
SHELXT.86,87Subsequent difference Fourier calculations and full-matrix least-squares 
refinement against F2 were performed with SHELXL-201686,87using OLEX2.88 
The compound crystallizes in the tetragonal system. The pattern of systematic 
absences in the intensity data was consistent with the space groups P42/mmc, P-42c, and 
P42mc. The centrosymmetric group P42/mmc (No. 131) was confirmed by structure 
solution. The asymmetric unit consists of two crystallographically unique thorium atoms, 
two unique μ3-bridging O atoms (O1, O2), two unique terminal oxygen atoms (O6 and 
O7), a bridging trifluoroacetate (TFA) anion, two unique C16H12O42– ligands and a large 
region of disordered solvent species. The entire Th6 cluster has mmm (D2h) point 
symmetry. Most individual species lie on positions of special crystallographic symmetry. 
Th1, O1, O2 and O7 are located on a mirror planes. Th2 and O6 lie on two mirror planes 
and a two-fold axis (m2m. site symmetry). The TFA anion is simultaneously disordered 
across two mirror planes and a two-fold axis (m2m/C2v symmetry), and is represented in 
the asymmetric unit by one oxygen atom (O8), two carbon atoms and two half-occupied 
fluorine atoms. Ligand O3/O4/C1–C8 is located on a two-fold axis and only half is 
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present per asymmetric unit. This ligand is full ordered. Ligand O5/C9-C14 is extensively 
disordered about a site of high symmetry (mmm/D2h). Only ¼ of this ligand is 
independent by symmetry. The six-membered rings (C10–C13) are disordered across 
mirror planes. The methyl group of this ligand (atom C14) has four equally likely 
positions of attachment to the six-membered ring (C12 and its three symmetry-
equivalents) and is apparently disordered over these four sites. C14 was therefore refined 
with ¼-occupancy. The thorium atoms, all oxygen atoms and atoms of the ordered ligand 
O3/O4/C1–C8 were refined with anisotropic displacement parameters. Disordered atoms 
were refined isotropically, some (F1, F2, C14, C15) with arbitrarily fixed displacement 
parameters to prevent abnormally large values. The anisotropic displacement parameters 
of ligand O3/O4/C1-C8 and of oxygen O8 were restrained to adopt a spherical shape with 
an ISOR instruction. C–C distance restraints and a FLAT instruction were applied to 
atoms of ligand C9–C14. Hydrogen atoms bonded to carbon were placed in geometrically 
idealized positions and included as riding atoms with appropriate occupancies. No 
hydrogen atoms could be located and none were calculated for the μ3-bridging or terminal 
oxygen atoms. These are presumably a mixture of oxo, hydroxy or aquo ligands 
appropriate to satisfy crystal electroneutrality. Efforts to model the solvent disorder were 
unsuccessful. The SQUEEZE program in PLATON was used to account for these 
species.89,90 The solvent-accessible volume was calculated to be 7314 Å3 per unit cell 
(65% of the total cell volume), containing the equivalent of 1547 electrons per unit cell. 
The scattering contribution of this electron density was added to the structure factors 
computed from the modeled part of the structure during refinement. For comparison, the 
residual factors were R1/wR2 = 0.0497/0.152 for the best disorder model, and R1/wR2 = 
0.0350/0.0942 after applying Squeeze. The reported crystal density and F.W. are 
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calculated from the known part of the structure only. The largest residual electron density 
peak and hole in the final difference map are +1.49 and –1.60 e/Å3, located 0.71 and 0.89 
Å from Th1, respectively. 
U6-Me2BPDC-8 (C70H62N2O34U6). X-ray intensity data from a green tablet crystal 
were collected at 223(2) K using a Bruker D8 QUEST diffractometer equipped with a 
PHOTON-100 CMOS area detector and an Incoatec microfocus source (Mo Kα radiation, 
λ = 0.71073 Å). At lower temperatures, the diffraction pattern showed significantly fewer 
high-angle reflections. The raw area detector data frames were reduced and corrected for 
absorption effects using the Bruker APEX3, SAINT+ and SADABS programs.84,85 Data 
were truncated at 2θmax = 45.2°, above which value no appreciable diffraction intensity 
was observed. Final unit cell parameters were determined by least-squares refinement of 
9930 reflections taken from the data set. The structure was solved with 
SHELXT.86,87Subsequent difference Fourier calculations and full-matrix least-squares 
refinement against F2 were performed with SHELXL-201686,87using OLEX2.88 
The compound crystallizes in the tetragonal system. The pattern of systematic 
absences in the intensity data was consistent with the space groups P42/mmc, P-42c, and 
P42mc. The centrosymmetric group P42/mmc (No. 131) was identified by SHELXT and 
confirmed by structure solution. The asymmetric unit consists of two crystallographically 
unique uranium atoms, two unique μ3-bridging O atoms (O1 and O2), two unique 
terminal oxygen atoms (O5 and O6), half of one unique C16H12O42- ligand, half of one 
DMF molecule coordinated to U2 (O7) and a large region of disordered solvent species. 
The U6 cluster has crystallographic mmm (D2h) point symmetry. Most individual species 
lie on positions of special crystallographic symmetry. U1, O1, O2, O5, and O6 are 
located on mirror planes. U2 and DMF oxygen O7 lie on two mirror planes and a two-
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fold axis (m2m. site symmetry). The DMF lies in a mirror plane and is further disordered 
about a two-fold axis. It was refined with half-occupancy. The DMF atoms could not be 
refined freely; all C–N and C–O 1,2- and all 1,3-distances were restrained to appropriate 
values using SHELX DFIX and DANG restraints, and the DMF C and N atoms were 
assigned a fixed isotropic displacement parameter of 0.15 Å2. This was necessary to 
prevent unacceptably large Uiso parameters and is likely because the DMF is slightly 
displaced from and disordered across from the mirror plane, though efforts to model this 
were unsuccessful. Ligand O3/O4/C1-C8 is located on a two-fold axis and only half is 
present per asymmetric unit. The ligand carbon atoms were restrained to lie in a plane 
(FLAT). The uranium atoms, all oxygen atoms and atoms of ligand O3/O4/C1–C8 were 
refined with anisotropic displacement parameters. A global enhanced rigid-bond restraint 
(RIGU) was applied to the anisotropic displacement parameters (adps) of all non-DMF 
atoms. The adps were further restrained to approximate a spherical form with an ISOR 
restraint. Hydrogen atoms bonded to carbon were placed in geometrically idealized 
positions and included as riding atoms with appropriate occupancies. No hydrogen atoms 
could be located and none were calculated for the μ3-bridging or terminal oxygen atoms. 
These are presumably a mixture of oxo, hydroxy or aquo ligands appropriate to satisfy 
crystal electroneutrality. Efforts to model the solvent disorder were unsuccessful. The 
Squeeze program in PLATON was used to account for these species.89,90 The solvent-
accessible volume was calculated to be 6582 Å3 per unit cell (66 % of the total cell 
volume), containing the equivalent of 1381 electrons per unit cell. The scattering 
contribution of these diffusely scattering species was added to the structure factors 
computed from the modeled part of the structure during refinement. For comparison, the 
residual factors were R1/wR2 = 0.0718/0.224 for the best disorder model, and R1/wR2 = 
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0.0530/0.1525 after applying the SQUEEZE procedure. The reported crystal density and 
F.W. are calculated from the known part of the structure only. The largest residual 
electron density peak and hole in the final difference map are +1.46 and –1.37 e/Å3, 
located 1.14 and 1.96 Å from U2 and O1, respectively. 
Th6-TPDC-NH2-12 (C120H90N6O38Th6). X-ray intensity data from a colorless 
polyhedral crystal were collected at 302(2) K using a Bruker D8 QUEST diffractometer 
equipped with a PHOTON-100 CMOS area detector and an Incoatec microfocus source 
(Mo Kα radiation, λ = 0.71073 Å). The raw area detector data frames were reduced and 
corrected for absorption effects using the Bruker APEX3, SAINT+ and SADABS 
programs.84,85 Final unit cell parameters were determined by least-squares refinement of 
9179 reflections taken from the data set. The structure was solved with 
SHELXT.86,87Subsequent difference Fourier calculations and full-matrix least-squares 
refinement against F2 were performed with SHELXL-201686,87using OLEX2.88 
The compound crystallizes in the cubic system. The pattern of systematic 
absences in the intensity data was consistent with face-centering; no other absences were 
observed. The space group Fm-3m was identified from structure solution using the dual-
space method XT, and confirmed by successful refinement of the initial model. The 
asymmetric unit consists of 1/48 of one formula unit. The Th6(µ3-OHy)8(OHy)6 (y = 0, 1 
or 2) cluster core is situated about a site of m-3m (Oh) point symmetry. One unique 
thorium atom (Th1, site 24e, 4m.m site symmetry), one µ3-O oxygen atom (O2, site 32f, 
.3m site symmetry), one terminal oxygen atom (O3, site 96k, site symmetry ..m) and 1/8 
of one linking ligand (C1-C7, N1, O1) are present in the asymmetric unit. The ligand is 
located at the confluence of two mirror planes and a two-fold axis (ligand centroid at site 
48i, site symmetry m.m2). The central ring of the ligand (atoms C7 and N1) is disordered 
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by symmetry across site 48i. Location of the nitrogen atom of the NH2 substituent bonded 
to C7 proved difficult. A difference electron density peak of magnitude 0.25 e/Å3 was 
observed near C7, and was modeled as the amino group nitrogen N1. It is disordered over 
eight symmetry-equivalent positions and was therefore refined with 1/8 occupancy. The 
N1–C7 distance was restrained to 1.4 Å and N1 was restrained to lie in the C7 ring plane. 
C7 and N1 were each given fixed isotropic displacement parameters of 0.15 Å2. The 
occupancy of H7 bonded to C7 was likewise fixed at 7/8. The amino hydrogen atoms 
could not be located and were not calculated. Terminal oxygen atom O3 is disordered 
about a four-fold axis and was refined with ¼ occupancy. Freely refined, its anisotropic 
displacement parameter became large compared to that of thorium because of disorder 
and it was therefore fixed at 0.10 Å2. All non-hydrogen atoms were refined with 
anisotropic displacement parameters (adps). The adps of atoms C2-C6 were restrained to 
be approximately spherical with a SHELX ISOR restraint to prevent prolate ellipsoids, 
suggesting some disorder. In total 46 restraints were used in modeling disorder and 
restraining parameters. Hydrogen atoms bonded to carbon placed in geometrically 
idealized positions and included as riding atoms with d(C–H) = 0.93 Å and Uiso(H) = 
1.2Ueq(C). Hydroxyl or water hydrogen atoms bonded to µ3-bridging O2 and terminal O3 
atoms could not be reliably located and were not calculated. These oxygens are 
presumably a disordered mixture of aquo, hydroxy or oxo species suitable to satisfy 
crystal electroneutrality. There are large pores between the metal-organic framework, in 
which several highly disordered electron density peaks were observed. Attempts to 
achieve a reasonable disorder model failed. They are likely a mixture of solvent species 
such as DMF and water. They were accounted for with the SQUEEZE technique 
implemented in PLATON.89,90 The solvent-accessible volume is 28833 Å3 (73% of the 
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total unit cell volume), and contains the scattering equivalent of 2735 electrons per unit 
cell. The diffraction contribution of these diffusely scattering species was added to the 
structure factors computed from the modeled part of the structure during refinement. The 
reported formula, formula weight and crystal density refer to modeled species only. The 
largest residual electron density peak in the final difference map is 0.74 e/Å3, located 
0.59 Å from O2. 
Synthesis and characterization Zr6U0.87-Me2BPDC-8 
To perform metal node extension, 25 mg of Zr6-Me2BPDC-8 (PCN-700)50 was 
soaked in 1.0 mL of the 0.25 M uranyl acetate solution in DMF, and then kept in a pre-
heated oven at 75 °C for 3 d. Yellow crystals of Zr6U0.87-Me2BPDC-8 were collected by 
filtration and washed three times with DMF. The metal node and crystal structure of 
Zr6U0.87-Me2BPDC-8 are shown in Figure 8.5. As shown in Figure 8.15, the PXRD 
pattern of Zr6U0.87-Me2BPDC-8 matches the one simulated from the single-crystal X-ray 
data. Therefore, PXRD studies demonstrate preservation of framework integrity after the 
metal node extension (Figure 8.15). Before ICP-AES analysis the prepared sample was 
thoroughly washed using a Soxhlet extraction for three days to remove possible residual 
salt. The Zr-to-U metal ratio was determined based on the ICP-AES analysis. FTIR 
spectroscopy was employed to confirm presence of uranyl unit due to the presence of the 
U=O vibrational stretches at 913 and 866 cm-1 (Figure 8.17). Thermal stability of 
Zr6U0.87-Me2BPDC-8 was studied using thermogravimetric analysis (Figure 8.15), which 
demonstrated the rapid weight loss occurring up to 320 °C. XPS studies demonstrate 
presence of Zr+4 and U+6 in the sample, which is consistent with the single-crystal X-ray 
studies and FTIR spectroscopic data (Figures 8.5 and 8.16). 
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Table 8.3. X-ray structure refinement data for U6-Me2BPDC-8a, Th6-Me2BPDC-10a, and 
Th6-TPDC-NH2-12.a  
 
compound U6-Me2BPDC-8 Th6-Me2BPDC-10 Th6-TPDC-NH2-12 
formula C70H62N2O34U6 C84H60F6O38Th6 C120H90N6O38Th6 
FW 2903.39 3183.56 3616.21 
T, K 223(2) 100(2) 302(2) 
crystal system tetragonal tetragonal cubic 
space group P42/mmc P42/mmc Fm-3m 
Z 2 2 4 
a, Å 24.9768(18) 23.8409(11) 34.0484(16) 
b, Å 24.9768(18) 23.8409(11) 34.0484(16) 
c, Å 15.9864(12) 19.7162(10) 34.0484(16) 
α, ° 90 90 90 
β, ° 90 90 90 
γ, ° 90 90 90 
V, Å3 9973.0(16) 11206.5(12) 39472(6) 
dcalc, g/cm3 0.967 0.943 0.609 
μ, mm-1 4.889 4.007 2.278 
F(000) 2640.0 2924.0 6784.0 
crystal size, 
mm3 0.06×0.04×0.04 0.36×0.06×0.04 0.08×0.08×0.08 
theta range 4.448 to 45.164 4.344 to 56.73 5.216 to 50.072 
index ranges 
-26 ≤ h ≤ 23 
-26 ≤ k ≤ 26 
-17 ≤ l ≤ 17 
-31 ≤ h ≤ 31 
-31 ≤ k ≤ 31 
-26 ≤ l ≤ 26 
-39 ≤ h ≤ 40 
-34 ≤ k ≤ 40 
-39 ≤ l ≤ 40 
refl. collected 79330 273809 79586 
data/restraints/ 
parameters 3612/272/138 7531/69/157 1779/46/49 
GOF on F2 1.022 1.048 1.085 
Largest peak/ 
hole, e/Å3 1.46/–1.36 1.49/–1.60 0.74/–0.83 
R1/wR2,  
[I ≥2sigma(I)]b 0.0530/0.1298 0.0350/0.0942 0.0352/0.0868 
aMo-Kα (λ = 0.71073Å) radiation  
bR1 = Σ||Fo| - |Fc||/ Σ |Fo|, wR2 = {Σ [w(F0-Fc2)2]/S[w(F02)2]}1/2 
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Synthesis and characterization of Th6U4-Me2BPDC-8 
To achieve metal node extension, 25 mg of Th6-Me2BPDC-10 was soaked in 1.0 
mL of 0.25 M uranyl acetate solution in DMF and kept in a pre-heated oven at 75 °C for 
3 d. The obtained yellow crystals were collected by filtration and washed three times with 
fresh DMF, and were subjected to single-crystal X-ray analysis (Figure 8.6). As shown in 
Figure 8.17, the PXRD pattern of Th6U4-Me2BPDC-8 matches one simulated from 
single-crystal X-ray data, and therefore, MOF integrity was preserved after metal node 
extension (Figure 8.17, 8.18). Thermogravimetric analysis was used to study thermal 
stability of the presented samples (Figure 8.17), which demonstrated the rapid weight loss 
up to 300 °C. XPS studies confirmed presence of U+6 and Th+4 in the sample, which is 
consistent with the Th-node extension determined based on single-crystal X-ray analysis 
(Figure 8.19). 
 
 
Figure 8.15. (left) PXRD patterns of Zr6U0.87-Me2BPDC-8: simulated (red) 
and experimental (black). (right) Thermogravimetric analysis plot of 
Zr6U0.87-Me2BPDC-8. 
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Figure 8.16. (left) XPS survey scan for Zr6U0.87-Me2BPDC-8. (right) FTIR 
spectra of Zr6-Me2BPDC-8 (blue), Zr6U0.87-Me2BPDC-8 before washing using a 
Soxhlet extractor (red), and Zr6U0.87-Me2BPDC-8 after the 3-day washing 
procedure using a Soxhlet extractor (black). Inset shows the presence of the –
U=O stretch in the Zr6U0.87Me2BPDC spectrum after washing using a Soxhlet 
extractor and its absence in the spectrum of parent Zr6-Me2BPDC-8, confirming 
coordination of the uranyl unit to the zirconium metal node.  
 
 
 
Figure 8.17. (left) PXRD patterns of Th6U4-Me2BPDC-8: simulated (red) and 
experimental (black). (right) Thermogravimetric analysis plot of Th6U4-
Me2BPDC-8. 
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Figure 8.18 Photographs of Th6-Me2BPDC-10 (left) and Th6U4-
Me2BPDC-8 (right) powders. 
 
 
 
Figure 8.19. (top) XPS survey scan for Th6U4-Me2BPDC-8; (bottom) XPS 
data for U(4f) and Th(4f) regions for Th6U4-Me2BPDC-8. 
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X-ray crystal structure determination 
Zr6U0.87-Me2BPDC-8 (Zr6U0.88C64H48O40.09). X-ray intensity data from a yellow 
polyhedral crystal were collected at 100(2) K using a Bruker D8 QUEST diffractometer 
equipped with a PHOTON-100 CMOS area detector and an Incoatec microfocus source 
(Mo Ka radiation, l = 0.71073 Å). The raw area detector data frames were reduced and 
corrected for absorption effects using the Bruker APEX3, SAINT+ and SADABS 
programs.84,85 Final unit cell parameters were determined by least-squares refinement of 
9910 reflections taken from the data set. The structure was solved with 
SHELXT.86,87Subsequent difference Fourier calculations and full-matrix least-squares 
refinement against F2 were performed with SHELXL-201686,87using OLEX2.88 
 The compound crystallizes in the tetragonal system. The pattern of 
systematic absences in the intensity data was consistent with the space group P42/mmc, 
and this space group was also determined by the intrinsic phasing structure solution 
method (SHELXT). The compound is structurally similar to MOF PCN-700.8 The well-
defined part of the asymmetric unit consists of two crystallographically independent Zr 
atoms, two crystallographically independent µ3-O atoms (O1 and O2), two unique 
terminal O atoms (O5 and O6) and half of one unique Me2BPDC ligand, and many highly 
disordered interstitial electron density peaks. After location and modeling of the Zr6(µ3-
OHx)8(OHy)8 framework atoms, two large residual electron density peaks were observed 
in the difference map, at 2.2 and 2.4 Å from terminal OH-/H2O atom O5 in the 
asymmetric unit. These peaks are disordered about two mirror planes, generating four 
partially occupied atoms on each side of the Zr6 cluster, or eight total sites per Zr6 cluster. 
Refinement as interstitial water oxygen atoms caused negative displacement parameters 
or occupancy factors much greater than one. Both observations suggest these peaks arise 
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from an atom heavier than oxygen. The distances to cluster oxygen atoms, which are 
reasonable U-O distances, and the large occupancy values suggest uranium. Refining the 
peaks as uranium atoms U1 and U2 gave occupancies of U1 = 0.160(3) and U2 = 
0.060(2), or 0.87 U per Zr6 cluster. The electron density map around these peaks is highly 
disordered and difficult to interpret. Four peaks located ca. 1.8 Å from the U atoms and 
which form a linear “UO2” may represent uranyl oxygen atoms (O11/O12 and O21/O22). 
Only these oxygen atoms could be reasonably modeled with restraints. The complete 
coordination environments around the uranium atoms could not be reliably defined 
because of disorder and low occupancies. Instead of brute-force over interpretation of the 
electron density map, only the two uranyl oxygen atoms were modeled. The occupancies 
of the uranyl oxygen atoms as reported are not consistent with those of the U atoms 
because they likely reflect contributions from disordered interstitial water oxygens as 
well as from the uranyl O atoms. Fixing uranyl O atom occupancies equal to those of 
their parent U atoms gave unstable refinements with poor atomic parameters. Though the 
model is clearly incomplete, the presence of the two very large electron density 
concentrations is strong crystallographic support for the incorporation of uranium into the 
structure. The zirconium and uranium atoms, oxygen atoms O1-O6 and atoms of ligand 
O3/O4/C1-C8 were refined with anisotropic displacement parameters. The uranyl oxygen 
atoms were refined with fixed isotropic displacement parameters of 0.15 Å2. A global 
enhanced rigid-bond restraint (RIGU) was applied to the anisotropic displacement 
parameters (adps) of the ligand atoms. The adps were further restrained to approximate a 
spherical form with an ISOR restraint. Uranyl U–O distance restraints of 1.77(2) Å were 
applied. Hydrogen atoms bonded to carbon were placed in geometrically idealized 
positions and included as riding atoms with appropriate occupancies. No hydrogen atoms 
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could be located and none were calculated for the μ3-bridging or terminal oxygen atoms. 
These are presumably a mixture of oxo, hydroxy or aquo ligands appropriate to satisfy 
crystal electroneutrality. Efforts to model the solvent disorder were unsuccessful. The 
Squeeze program in PLATON was used to account for these species.89,90 The solvent-
accessible volume was calculated to be 5562 Å3 per unit cell (61.2 % of the total cell 
volume), containing the equivalent of 1097 electrons per unit cell. The scattering 
contribution of these diffusely scattering species was added to the structure factors 
computed from the modeled part of the structure during refinement. For comparison, the 
residual factors were R1/wR2 = 0.100/0.358 for the best disorder model, and R1/wR2 = 
0.059/0.205 after applying Squeeze. The reported crystal density and F.W. are calculated 
from the known part of the structure only. The largest residual electron density peak and 
hole in the final difference map are +1.01 and -0.54 e/Å3, located 2.06 and 0.50 Å from 
O12. 
Th6U4-Me2BPDC-8 (Th6U4C71.56H48O54.17). X-ray intensity data from a pale 
yellow needle crystal were collected at 100(2) K using a Bruker D8 QUEST 
diffractometer equipped with a PHOTON-100 CMOS area detector and an Incoatec 
microfocus source (Mo Ka radiation, l = 0.71073 Å). The raw area detector data frames 
were reduced and corrected for absorption effects using the Bruker APEX3, SAINT+ and 
SADABS programs.84,85 Final unit cell parameters were determined by least-squares 
refinement of 9217 reflections taken from the data set. The structure was solved with 
SHELXT.86,87Subsequent difference Fourier calculations and full-matrix least-squares 
refinement against F2 were performed with SHELXL-201686,87using OLEX2.88 
The compound crystallizes in the tetragonal system. The pattern of systematic 
absences in the intensity data was consistent with the space groups P42/mmc, P-42c, and 
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P42mc. The centrosymmetric group P42/mmc (No. 131) was confirmed by structure 
solution. Refinements in lower space groups did not resolve the observed disorder 
(below) and were unstable. The structure is a derivative of {structure code H17}. The 
asymmetric unit in P42/mmc is similar to that compound, consisting of two 
crystallographically unique thorium atoms, two unique μ3-bridging O atoms (O1, O2), 
two unique terminal oxygen atoms (O6 and O7), half of one unique C16H12O42- ligand 
and a large region of disordered solvent species. Additionally, two acetate groups bonded 
to the Th6 cluster could be modeled (O5A/O5A, C9, C10 and O8, C15, C16), both of 
which bridge two Th1 atoms. O5A-C10 is disordered across a mirror plane and was 
refined with half-occupancy. O8/C15/C16 is bisected by a mirror plane; only half appears 
in the asymmetric unit. Lying in the ac and bc planes along the c axis, in which a 
C16H12O42- ligand existed in the unexchanged crystal ({H17}), extensive disorder 
obscuring most features was observed. This connecting C16H12O42- ligand parallel to the c 
axis has apparently been replaced. No clear model for the atoms in this region could be 
derived because of the disorder. The electron density in this region includes peaks of very 
large magnitude which cannot be reasonably assigned as C, O or F. This density is 
located in the mirror planes perpendicular to a and b. Six peaks were located whose 
occupancies refined to much greater than 100% of an oxygen atom (e.g. > 250% O for 
the U1 site). From the synthetic conditions, no atoms heavier than oxygen should 
reasonably be present, therefore these peaks must represent partially occupied uranium 
atoms from the uranyl acetate reagent. Further support for this comes from the residual 
electron density map, especially near the three largest “U” peaks, U1-U3. Two 
symmetry-equivalent (mirror-related) peaks at ca. 1.80 Å from U1-U3 were located and 
reasonably refined. These atoms form a typical uranyl UO22+ group which would be 
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expected to persist through the crystal exchange process. Similar peaks near U4-U6 were 
also refined as uranyl oxygen atoms. All U-O bonds were restrained to have a similar 
length, and a common occupancy was refined for each U-O pair. U occupancies refined 
to: U1, 0.294(4); U2, 0.191(4); U3, 0.143(4); U4, 0.187(4); U5, 0.087(4); U6, 0.109(5). 
Only uranyl groups could be modeled; the full uranium coordination environment is 
unknown. U6 is too close to acetate group carbon atoms O8/C15/C16 to be present 
together in the same asymmetric unit. The carbon atoms of this acetate were therefore 
refined with their occupancy values set at 1-occupancy(U6) (0.891(5)). The acetate 
oxygen atoms refined full occupancy. A total of 124 restraints were used in modeling 
disorder. The carbon atoms of the C16H12O42- ligand were restrained to lie in a plane 
(FLAT), and their Uij displacement parameter values were restrained with RIGU and 
ISOR instructions. C-C and C-O distances of acetate groups were restrained to 
appropriate values (DFIX, SADI). Some uranium atom anisotropic displacement 
parameters were restrained to a spherical shape with ISOR. Part of the disordered 
interstitial solvent species were accounted for using Squeeze.89,90 A solvent-accessible 
void volume of 6505 Å3 was calculated, containing the equivalent of 1554 electrons per 
unit cell. The scattering contribution of this electron density was added to the structure 
factors computed from the modeled part of the structure during refinement. However, 
Squeeze was not used for atoms near the putative uranium atoms in the ab and ac planes. 
Doing so would also remove the uranium electron density because the lighter density is in 
close proximity to the U peaks. This additional lighter-atom electron density was 
therefore modeled as partially occupied O atoms (O71-O75), with occupancies ranging 
from 0.32–0.54. The reported crystal density and F.W. are calculated from the known 
part of the structure only. All non-hydrogen atoms were refined with anisotropic 
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displacement parameters except for disordered carbon, oxygen and U5 and U6 atoms 
(isotropic). Hydrogen atoms of the C16H12O42– ligand were placed in geometrically 
idealized positions and included as riding atoms with d(C–H) = 0.95 Å and Uiso(H) = 
1.2Ueq(C) for aromatic hydrogen atoms and d(C–H) = 0.98 Å and Uiso(H) = 1.5Ueq(C) for 
methyl hydrogen atoms. The methyl hydrogen atoms were allowed to rotate as a rigid 
group to the orientation of maximum observed electron density. No hydrogen atoms 
could be located and none were calculated for the acetate ligands the μ3-bridging or 
terminal oxygen atoms or any interstitial oxygen atoms. These are presumably a mixture 
of oxo, hydroxy or aquo species appropriate to satisfy crystal electroneutrality. The 
largest residual electron density peak in the final difference map is 3.64 e/Å3, located 0.96 
Å from Th2.  
Transmetallation attempts for Zr6-Me2BPDC-8 
To explore the possibility of Zr-to-Th transmetallation, the colorless crystals of 
Zr6-Me2BPDC-8 (20 mg, 11 µmol) were heated in 2.0 mL of ThCl4 solution (C = 67 mM) 
in DMF at 75 °C for 14 d. The obtained sample was characterized by single-crystal X-ray 
diffraction and spectroscopic studies, both of which did not reveal the presence of 
thorium in the MOF skeleton and in line with our estimated energy of formation.  
Synthesis and characterization of Th5.65U0.35-Me2BPDC-8 
 The green crystals of U6-Me2BPDC-8 were washed once with DMF and soaked 
in a 0.20 mL solution of 0.17 M ThCl4 in DMF for 3 d at room temperature. After three 
days, the resulting colorless crystals of Th5.65U0.35-Me2BPDC-8 were collected by 
centrifugation and washed thoroughly three times with DMF. The obtained colorless 
crystals were suitable for single-crystal X-ray analysis (Figure 8.1). Table 8.4 contains 
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the crystallographic refinement data. As shown in Figure 8.20, the PXRD pattern of 
Th5.65U0.35-Me2BPDC-8 matches the one simulated from the single-crystal X-ray data. 
PXRD studies were used to confirm crystallinity of bulk material (Figure 8.20). The Th-  
Table 8.4. X-ray structure refinement data for Zr6U0.87-Me2BPDC-8a and Th6U4-
Me2BPDC-8a. 
 
Compound Zr6U0.87-Me2BPDC-8 Th6U4-Me2BPDC-8 
formula C64H48O40.09U0.88Zr6 C71.5H48O54.1Th6U4.04 
FW 2213.98 4129.75 
T, K 100(2) 100(2) 
crystal 
system tetragonal tetragonal 
space group P42/mmc P42/mmc 
Z 2 2 
a, Å 24.0528(9) 24.1119(14) 
b, Å 24.0528(9) 24.1119(14) 
c, Å 15.7060(7) 19.0718(11) 
α, ° 90 90 
β, ° 90 90 
γ, ° 90 90 
V, Å3 9086.5(8) 11088.0(14) 
dcalc, g/cm3 0.809 1.237 
μ, mm-1 1.148 6.992 
F(000) 2146.0 3646.0 
crystal size, 
mm3 0.06×0.04×0.04 0.16×0.06×0.06 
theta range 4.266 to 50.176 4.272 to 52.814 
index ranges 
–28 ≤ h ≤ 28 
–28 ≤ k ≤ 28 
–18 ≤ l ≤ 18 
-30 ≤ h ≤ 30 
-30 ≤ k ≤ 30 
-23 ≤ l ≤ 23 
refl. 
collected 83728 218890 
data/restraint
s/ parameters 4425/135/154 6167/124/212 
GOF on F2 1.048 1.217 
Largest peak/ 
hole, e/Å3 1.01/–0.54 3.64/-3.57 
R1/wR2, 
[I 
≥2sigma(I)]b 
0.0586/0.1820 0.0980/0.2063 
 
aMo-Kα (λ = 0.71073Å) radiation  
bR1 = Σ||Fo| - |Fc||/ Σ |Fo|, wR2 = {Σ [w(F0-Fc2)2]/S[w(F02)2]}1/2 
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to-U ratio was determined based on the ICP-AES analysis. Thermal stability of 
Th5.65U0.35-Me2BPDC-8 was studied using thermogravimetric analysis (Figure 8.20). The 
FTIR spectrum of Th5.65U0.35-Me2BPDC-8 is shown in Figure 8.21. 
 
 
 
Figure 8.20. (left) PXRD patterns of simulated Th6-Me2BPDC-8 (red) and 
experimental Th5.65U0.35-Me2BPDC-8 (black). (right) Thermogravimetric 
analysis plot of Th5.65U0.35-Me2BPDC-8. 
 
 
Figure 8.21. FTIR spectrum of Th5.65U0.35-Me2BPDC-8. 
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General Procedure of Capping linker installation 
Compounds Th6-Me2BPDC(TPDC-NH2), Zr6-Me2BPDC(TPDC-DEPU)(NDC) 
(NDC2- = naphthalene-2,6-dicarboxylate), Th5.65U0.35-Me2BPDC(SDC) (SDC2- = 4,4’-
stilbenecarboxylate), and Zr6U0.87-Me2BPDC(SDC) were synthesized by the capping 
linker installation in parent Th6-Me2BPDC-10, Zr6-Me2BPDC-8,50 Th5.65U0.35-Me2BPDC-
8, and Zr6U0.87-Me2BPDC-8, respectively, based on the modified literature procedure.50 
Crystals of the parent MOFs were heated in a DMF solution of a corresponding capping 
linkers at 75 °C for 24 h (Table 1). The obtained crystals were collected by filtration. The 
washing procedure includes thoroughly washing with hot DMF to remove the residual 
capping linker. Simultaneous incorporation of actinides as guests and capping linker 
installation was performed by heating UO2(CH3COO)2 or ThCl4, the parent MOF, and the 
organic linker of interest in DMF at 75 °C for 24 h. 
Digestion procedure 
To study the composition of the prepared MOFs by 1H NMR spectroscopy, a 
solution of 500 μL of DMSO-d6 and 3 μL of concentrated HCl was added to 5 mg of the 
material, followed by sonication until complete sample dissolution. The % of capping 
linker installation was calculated based on linker ratios found in the 1H NMR spectra of 
the digested samples.  
Synthesis and characterization of Th6-Me2BPDC(TPDC-NH2) 
 The Th6-Me2BPDC(TPDC-NH2) framework was synthesized through installation 
of the capping linker, H2TPDC-NH2, into parent Th6-Me2BPDC-10. The crystals of Th6-
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Me2BPDC-10 (20.0 mg, 6.28 µmol) were heated in 4 mL of 15.0 mM H2TPDC-NH2 
solution in DMF at 75 °C in a pre-heated oven for 24 h.  
To remove the residual capping linker, as-synthesized Th6-Me2BPDC(TPDC-
NH2) was thoroughly washed with hot DMF. Based on 1H NMR spectroscopic analysis 
of the digested sample (Figure 8.21), we found that 80% of the capping linker, TPDC-
NH22–, was installed.  
The installation of TPDC-NH22– was also confirmed by the presence of 
corresponding to –NH and –CN stretches in the FTIR spectrum of Th6-Me2BPDC(TPDC-
NH2) (Figure 8.22). PXRD studies were used to confirm preservation of framework 
integrity after capping linker installation (Figure 8.23). 
 
 
 
Figure 8.21. 1H NMR spectrum of digested Th6-Me2BPDC(TPDC-NH2). 
Resonances corresponding to H2Me2BPDC and H2TPDC-NH2, which were 
chosen for calculations of capping linker installation, are highlighted in 
grey. The TPDC-NH22– installation was found to be 80%. 
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Figure 8.22. FTIR spectra of Th6-Me2BPDC-10 (blue), 
H2TPDC-NH2 (red), and Th6-Me2BPDC (TPDC-NH2) 
(black). Insets a and b show –NH and –CN stretches, 
respectively, present in H2TPDC-NH2 and Th6-
Me2BPDC(TPDC-NH2) spectra and absent in the Th6-
Me2BPDC-10 spectrum confirming installation of the 
TPDC-NH22– capping linker. 
 
 
Figure 8.23 PXRD patterns of 
simulated Th6-Me2BPDC-10 
(red) and experimental Th6-
Me2BPDC(TPDC-NH2) (black).  
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Synthesis and characterization of Zr6-Me2BPDC(TPDC-DEPU)(NDC) 
 The Zr6-Me2BPDC(TPDC-DEPU)(NDC) framework was synthesized through 
stepwise installation of two different capping linkers into parent Zr6-Me2BPDC-8. In the 
first step, crystals of Zr6-Me2BPDC-8 (15.0 mg, 7.96 µmol) were heated in 1 mL of 
H2TPDC-DEPU (C = 30.0 mM) solution in DMF at 75 °C for 24 h. The obtained single 
crystals thoroughly washed with DMF were still suitable for single-crystal X-ray 
diffraction. The detailed description for the data collection and refinement details are 
given in Table 8.4. In the second step, obtained Zr6-Me2BPDC(TPDC-DEPU) was heated 
in 1 mL of H2NDC solution (C = 30.0 mM) in DMF at 75 °C for 24 h. The resulting Zr6-
Me2BPDC(TPDC-DEPU)(NDC) framework was thoroughly washed with hot DMF to 
remove the residual capping linker(s). The composition of Zr6-Me2BPDC(TPDC-
DEPU)(NDC) was determined based on 1H NMR spectroscopy (Figure 8.25). The 
installation of H2TPDC-DEPU and H2NDC was found to be 53% and 76%, respectively. 
PXRD studies were used to confirm MOF integrity after capping linker installation 
(Figure 8.24). 
X-ray crystal structure determination Zr6-Me2BPDC(TPDC-DEPU) 
(Zr6C84H56O32). X-ray intensity data from a colorless block were collected at 100(2) K 
using a Bruker D8 QUEST diffractometer equipped with a PHOTON-100 CMOS area 
detector and an Incoatec microfocus source (Mo Kα radiation, λ = 0.71073 Å). The raw 
area detector data frames were reduced and corrected for absorption effects using the 
Bruker APEX3, SAINT+ and SADABS programs.84,85 Final unit cell parameters were 
determined by least-squares refinement of 9875 reflections taken from the data set. The 
structure was solved with SHELXT.3 Subsequent difference Fourier calculations and full- 
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Figure 8.24. PXRD patterns 
of simulated Zr6-Me2BPDC-8 
(black) and experimental Zr6-
Me2BPDC(TPDC-
DEPU)(NDC) (blue).  
 
Figure 8.25. 1H NMR spectrum of digested Zr6-Me2BPDC(TPDC-
DEPU)(NDC). Resonances corresponding to H2Me2BPDC, 
H2TPDC-DEPU, and H2NDC, which were chosen for calculations 
of capping linker installation, are highlighted in grey. The 
installation of H2TPDC-DEPU and H2NDC was found to be 53% 
and 76%, respectively. 
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matrix least-squares refinement against F2 were performed with SHELXL-20163 using 
OLEX2.4 
The compound crystallizes in the tetragonal system. The pattern of systematic 
absences in the intensity data was consistent with the space groups P42/mmc, P-42c and 
P42mc. The centrosymmetric group P42/mmc (No. 131) was identified by SHELXT and 
confirmed by structure solution. The asymmetric unit consists of two crystallographically 
unique zirconium atoms, two unique μ3-bridging O atoms (O1 and O2), one unique 
terminal oxygen atoms (O5), half of one unique C16H12O42- ligand, ¼ of the backbone of 
one unique C25H23N2O4P ligand and a large region of disordered solvent species. The Zr6 
cluster has crystallographic mmm (D2h) point symmetry. Most individual species lie on 
positions of special crystallographic symmetry. Zr1, O1, O2, O5 are located on mirror 
planes. Zr2 lies on two mirror planes and a two-fold axis (m2m. site symmetry). Ligand 
O3/O4/C1-C8 is located on a two-fold axis and only half is present per asymmetric unit. 
Ligand O6/C9-C15 is located on two mirror planes and an inversion center and only ¼ is 
present per asymmetric unit. Only the O2C-Ph-Ph-Ph-CO2 backbone of the C25H23N2O4P 
ligand (O6/C9-C15) could be crystallographically located. No atoms of the -C5H12N2O4P 
substituent could be found; they are presumably disordered over the four symmetry-
equivalent C15 sites and are lost in the background electron density. No atom (e.g H) was 
placed near C15; it was left ‘unsaturated’ for the final refinement cycles. The zirconium 
atoms, all oxygen atoms and atoms of ligand O3/O4/C1-C8 were refined with anisotropic 
displacement parameters. Crystal and data quality were not high, many restraints were 
necessary for a reasonable refinement. All phenyl ring C-C distances were restrained to 
be similar (SHELX SADI). Carboxylato C-O distances were restrained to 1.28 Å. C-C 
single bonds were restrained to 1.5 Å. The O3/O4/C1-C8 ligand adps were restrained to 
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approximate a spherical form with an ISOR restraint. The O6/C9-C15 ligand atoms were 
refined isotropically with a common displacement parameter; the large refined average 
Uiso indicates some disorder or partial occupancy but a reasonable model could not be 
achieved. For the final model, atoms of this ligand were refined with 100% occupancy. 
Hydrogen atoms bonded to carbon were placed in geometrically idealized positions and 
included as riding atoms with appropriate occupancies. No hydrogen atoms could be 
located and none were calculated for the μ3-bridging or terminal oxygen atoms. These are 
presumably a mixture of oxo, hydroxy or aquo ligands appropriate to satisfy crystal 
electroneutrality. Efforts to model the solvent disorder were unsuccessful. The Squeeze 
program in PLATON was used to account for the disordered species.5 The solvent-
accessible volume was calculated to be 5813 Å3 per unit cell (65% of the total cell 
volume), containing the equivalent of 889 electrons per unit cell. The scattering 
contribution of these diffusely scattering species was added to the structure factors 
computed from the modeled part of the structure during refinement. The reported crystal 
density and F.W. are calculated from the modeled part of the structure only. The largest 
residual electron density peak and hole in the final difference map are +1.17 and -1.07 
e/Å3, located 0.91 and 0.49 Å from Zr1 and C9, respectively. 
Synthesis and characterization of Zr6U0.87-Me2BPDC(SDC) 
The Zr6U0.87-Me2BPDC(SDC) framework was synthesized through the 
installation of the capping linker, SDC2–, into parent Zr6U0.87-Me2BPDC-8. The crystals 
of Zr6U0.87-Me2BPDC-8 (25.0 mg, 11.3 µmol) were heated in the 10.00 mL solution of 
H2SDC (C = 8.0 mM) in DMF at 75 °C for 24 h. The resulting solid was collected by 
centrifugation and washed thoroughly with hot DMF. Based on 1H NMR spectroscopic 
studies (Figure 8.27), the SDC2– capping linker installation was found to be 50%. PXRD 
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studies were used to confirm MOF integrity after capping linker installation (Figure 
8.26). 
 
Table 8.5. X-ray structure refinement data for Zr6-Me2BPDC(TPDC-DEPU).a 
 
compound Zr6-Me2BPDC(TPDC-DEPU) 
formula C84H56O32Zr6 
FW 2124.60 
T, K 100(2) 
crystal system tetragonal 
space group P42/mmc 
Z 2 
a, Å 23.9392(11) 
b, Å 23.9392(11) 
c, Å 15.6881(8) 
α, ° 90 
β, ° 90 
γ, ° 90 
V, Å3 8990.6(9) 
dcalc, g/cm3 0.785 
μ, mm-1 0.375 
F(000) 2112.0 
crystal size, 
mm3 0.12×0.1×0.06 
theta range 4.28 to 46.598 
index ranges 
-26 ≤ h ≤ 26 
-26 ≤ k ≤ 25 
-17 ≤ l ≤ 17 
refl. collected 111268 
data/restraints/ 
parameters 3572/118/138 
GOF on F2 1.398 
Largest peak/ 
hole, e/Å3 1.17/–1.07 
R1/wR2,  
[I ≥2sigma(I)]b 0.1084/0.3373 
 
aMo-Kα (λ = 0.71073Å) radiation  
bR1 = Σ||Fo| - |Fc||/ Σ |Fo|, wR2 = {Σ [w(F0-Fc2)2]/S[w(F02)2]}1/2 
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Figure 8.26. The simulated PXRD pattern of Zr6-
Me2BPDC(NDC)9 (red) and experimental PXRD 
pattern of Zr6U0.87-Me2BPDC(SDC) (black). 
 
 
Figure 8.27. 1H NMR spectrum of digested Zr6U0.87-Me2BPDC(SDC). Resonances 
corresponding to H2Me2BPDC and H2SDC, which were chosen for calculations of the 
capping linker installation, are highlighted in grey. Installation of the SDC2– capping 
linker was found to be 50%. 
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Synthesis and characterization of Th5.65U0.35-Me2BPDC(SDC) 
 The Th5.65U0.35-Me2BPDC(SDC) framework was synthesized through installation 
of a capping linker, H2SDC, into parent Th5.65U0.35-Me2BPDC-8. The crystals of 
Th5.65U0.35-Me2BPDC-8 (7.00 mg, 2.54 µmol) were soaked in a DMF solution of H2SDC 
(8.00 mM, 4 mL) at 75 °C for 24 h. The resulting solid was collected by centrifugation, 
washed thoroughly with hot DMF. Based on 1H NMR spectroscopic analysis of the 
digested framework, SDC2– installation was found to be 76% (Figure 8.28). PXRD 
analysis confirmed preservation of MOF integrity after capping linker installation. As 
expected due to additional coordination of the capping linker, SDC2–, the PXRD pattern 
of Th5.65U0.35-Me2BPDC(SDC) matches the one of Th6-Me2BPDC-10 (Figure 8.29). 
 
 
Figure 8.28. 1H NMR spectrum of digested Th5.65U0.35-Me2BPDC(SDC). 
Resonances corresponding to H2Me2BPDC and H2SDC, which were chosen for 
calculations of capping linker installation, are highlighted in grey. Installation of 
the SDC2– capping linker was found to be 76%.  
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Figure 8.29. (left) PXRD patterns of simulated Th6-Me2BPDC-8 (red), 
experimental Th5.65U0.35-Me2BPDC-8 (black), experimental Th5.65U0.35-
Me2BPDC(SDC) (blue), and simulated Th6-Me2BPDC-10 (green). (right) 
PXRD patterns of simulated Th6-Me2BPDC-10 (green) and experimental 
Th5.65U0.35-Me2BPDC(SDC) (blue). 
 
X-ray crystal structure determination.  
Zr6(Th)-Me2BPDC-8 (Zr6C64H48O32). X-ray intensity data from a colorless block 
were collected at 100(2) K using a Bruker D8 QUEST diffractometer equipped with a 
PHOTON-100 CMOS area detector and an Incoatec microfocus source (Mo Ka radiation, 
l = 0.71073 Å). The raw area detector data frames were reduced and corrected for 
absorption effects using the Bruker APEX3, SAINT+ and SADABS programs.84,85 Final 
unit cell parameters were determined by least-squares refinement of 6909 reflections 
taken from the data set. The structure was solved with SHELXT.86,87Subsequent 
difference Fourier calculations and full-matrix least-squares refinement against F2 were 
performed with SHELXL-201686,87using OLEX2.88 
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The compound crystallizes in the tetragonal system. The pattern of systematic 
absences in the intensity data was consistent with the space groups P42/mmc, P-42c, and 
P42mc. The centrosymmetric group P42/mmc (No. 131) was identified by SHELXT and 
confirmed by structure solution. The asymmetric unit consists of two crystallographically 
unique zirconium atoms, two unique μ3-bridging O atoms (O1 and O2), two unique 
terminal oxygen atoms (O5 and O6), half of one unique C16H12O42– ligand and a large 
region of disordered solvent species. The Zr6 cluster has crystallographic mmm (D2h) 
point symmetry. The site occupancy values of both unique Zr atoms refined to 100% Zr 
within experimental error, i.e., no thorium is mixed onto the metal sites. Most individual 
species lie on positions of special crystallographic symmetry. Zr1, O1, O2, O5, O6 are 
located on mirror planes. Zr2 lies on two mirror planes and a two-fold axis (m2m. site 
symmetry). Ligand O3/O4/C1-C8 is located on a two-fold axis and only half is present 
per asymmetric unit. The zirconium atoms, all oxygen atoms and atoms of ligand 
O3/O4/C1-C8 were refined with anisotropic displacement parameters. A global enhanced 
rigid-bond restraint (RIGU) was applied to the anisotropic displacement parameters 
(adps) of the ligand atoms. The ligand adps were further restrained to approximate a 
spherical form with an ISOR restraint. Hydrogen atoms bonded to carbon were placed in 
geometrically idealized positions and included as riding atoms with appropriate 
occupancies. No hydrogen atoms could be located and none were calculated for the μ3-
bridging or terminal oxygen atoms. These are presumably a mixture of oxo, hydroxy or 
aquo ligands appropriate to satisfy crystal electroneutrality. Efforts to model the solvent 
disorder were unsuccessful. There is no strong crystallographic support for the existence 
of heavy atoms (i.e. thorium) in the cavities, as all observed electron density peaks are 
small and refine to an occupancy value of ca. <50% oxygen. The Squeeze program in 
 320 
PLATON was used to account for the disordered species.7 The solvent-accessible volume 
was calculated to be 5953 Å3 per unit cell (69% of the total cell volume), containing the 
equivalent of 1193 electrons per unit cell. The scattering contribution of these diffusely 
scattering species was added to the structure factors computed from the modeled part of 
the structure during refinement. The reported crystal density and F.W. are calculated from 
the known part of the structure only. The largest residual electron density peak and hole 
in the final difference map are +0.66 and –0.95 e-/Å3, located 1.18 and 2.12 Å from O6 
and O1, respectively. 
Th5.65U0.35-Me2BPDC-8 (Th6C64H48O34). X-ray intensity data from a colorless 
tablet were collected at 223(2) K using a Bruker D8 QUEST diffractometer equipped 
with a PHOTON-100 CMOS area detector and an Incoatec microfocus source (Mo Ka 
radiation, l = 0.71073 Å). At lower temperatures, the diffraction pattern showed 
significantly fewer high-angle reflections. The crystals were not stable at room 
temperature. The raw area detector data frames were reduced and corrected for 
absorption effects using the Bruker APEX3, SAINT+ and SADABS programs.84,85 Final 
unit cell parameters were determined by least-squares refinement of 9750 reflections 
taken from the data set. The structure was solved with SHELXT.86,87Subsequent 
difference Fourier calculations and full-matrix least-squares refinement against F2 were 
performed with SHELXL-201686,87using OLEX2.88 
The compound crystallizes in the tetragonal system. The pattern of systematic 
absences in the intensity data was consistent with the space groups P42/mmc, P-42c and 
P42mc. The centrosymmetric group P42/mmc (No. 131) was identified by SHELXT and 
confirmed by structure solution. The asymmetric unit consists of two crystallographically 
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unique thorium atoms, two unique μ3-bridging O atoms (O1 and O2), three unique 
terminal oxygen atoms (O5, O6 and O7), half of one unique C16H12O42- ligand and a large 
region of disordered solvent species. The Th6 cluster has crystallographic mmm (D2h) 
point symmetry. Most individual species lie on positions of special crystallographic 
symmetry. Th1, O1, O2, O5, and O6 are located on mirror planes. The Th2 and O7 atoms 
lie on two mirror planes and a two-fold axis (m2m. site symmetry). The C16H12O42- ligand 
(O3/O4/C1-C8) is located on a two-fold axis and only half is present per asymmetric unit. 
The ligand carbon atoms were restrained to lie in a plane (SHELX FLAT instruction). All 
non-hydrogen atoms were refined with anisotropic displacement parameters. A total of 
188 restraints were necessary for a physically reasonable refinement. A global enhanced 
rigid-bond restraint (RIGU) was applied to the anisotropic displacement parameters 
(adps) of all atoms. The adps of O5, O6, and C8 atoms were further restrained to 
approximate a spherical form with an ISOR restraint. Hydrogen atoms bonded to carbon 
were located in Fourier difference maps before being placed in geometrically idealized 
positions and included as riding atoms with d(C–H) = 0.95 Å and Uiso(H) = 1.2Ueq(C) for 
aromatic hydrogen atoms and d(C-H) = 0.98 Å and Uiso(H) = 1.5Ueq(C) for methyl 
hydrogens. The methyl hydrogens were allowed to rotate as a rigid group to the 
orientation of maximum observed electron density. No hydrogen atoms could be located 
and none were calculated for the μ3-bridging or terminal oxygen atoms. These are 
presumably a mixture of oxo, hydroxyl, or aquo ligands appropriate to satisfy crystal 
electroneutrality. Efforts to model the solvent disorder were unsuccessful. The 
SQUEEZE program in PLATON was used to account for these species.89,90 The solvent-
accessible volume was calculated to be 7926 Å3 per unit cell (73% of the total cell 
volume), containing the equivalent of 1286 electrons per unit cell. The scattering 
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contribution of these diffusely scattering species was added to the structure factors 
computed from the modeled part of the structure during refinement. For comparison, the 
residual factors were R1/wR2 = 0.054/0.190 for the best disorder model, and R1/wR2 = 
0.034/0.096 after applying Squeeze. The reported crystal density and F.W. are calculated 
from the known part of the structure only. The largest residual electron density peak in 
the final difference map is 1.54 e/Å3, located 2.16 Å from O5. 
Physical measurements 
FTIR spectra were obtained on a Perkin-Elmer Spectrum 100. NMR spectra were 
collected on Bruker Avance III-HD 300 and Bruker Avance III 400 MHz NMR 
spectrometers. The 1H and 13C NMR spectra were referenced to natural abundance 13C 
signals and residual 1H signals of deuterated solvents, respectively. Powder X-ray 
diffraction patterns were recorded on a Rigaku Miniflex II diffractometer with 
accelerating voltage and current of 30 kV and 15 mA, respectively. Thermogravimetric 
analysis was performed on an SDT Q600 Thermogravimetric Analyzer using an alumina 
boat as a sample holder at a heating rate of 5 °C/min. ICP-AES analysis was conducted 
using a Finnigan ELEMENT XR double focusing magnetic sector field inductively 
coupled plasma-mass spectrometer (SF-ICP-MS) with Ir and/or Rh as internal standards. 
A Micromist U-series nebulizer (0.2 ml/min, GE, Australia), quartz torch, and injector 
(Thermo Fisher Scientific, USA) were used for sample introduction. Sample gas flow 
was 1.08 mL/min, and the forwarding power was 1250 W. The samples were digested in 
Teflon vessels with nitric and hydrochloric acids and then heated at 180 °C for 4 h. Gas 
sorption measurements were conducted on a Micromeritics ASAP 2020 system. Oven-
dried sample tubes equipped with a TranSeal™ (Micrometrics) were evacuated and 
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tarred. Samples were transferred to the sample tube, which were then capped by a 
TranSeal™. Samples were heated to the appropriate temperatures as determined by TGA. 
The evacuated sample tubes were weighed again and the sample mass was determined by 
subtracting the mass of the previously tarred tube. N2 isotherms were measured using a 
liquid nitrogen bath (77 K). Ultra-high purity grade (99.999% purity) N2 and He, oil-free 
valves and gas regulators were used for all free space corrections and measurements. X-
ray photoelectron spectroscopy measurements (XPS) were performed using a Kratos 
AXIS Ultra DLD XPS system with a monochromatic Al Ka source operated at 15 keV 
and 150W and a hemispherical energy analyzer. Samples were placed in small powder 
pockets on the holder and analysis was performed at a pressure below 1×10–9 mbar. 
High-resolution core level spectra were measured with a pass energy of 40 eV, and 
analysis of the data was carried out using XPSPEAK41 software. The XPS experiments 
were performed while using an electron gun directed on the sample, for charge 
neutralization. 
Theoretical calculations 
Calculations were performed using the VASP software67,68 with plane wave basis 
sets. Projector-augmented-wave (PAW) pseudopotentials69,70 of Zr, Th, U, C, O, and H 
were employed in which the number of electrons treated as valence is 12, 12, 14, 4, 6, 
and 1, respectively. The PAW potentials were taken from the VASP library. Calculations 
were performed with a plane wave energy cutoff of 520 eV and G-only k-point. Structure 
optimization was performed until the norm of the atomic forces is less than 0.025 eV/Å. 
Two different levels of theory were explored. One was within a pure density-functional-
theory with the Perdew-Burke-Erzernhof exchange-correlation functional71 and with a  
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Table 8.6. X-ray structure refinement data for Zr6(Th)-Me2BPDC-8a and Th6-Me2BPDC-
8a. 
 
Compound Zr6(Th)-Me2BPDC-8 Th6-Me2BPDC-8 
formula C64H48O32Zr6 C64H48O34Th6 
FW 1876.34 2753.26 
T, K 100(2) 232(2) 
crystal system tetragonal tetragonal 
space group P42/mmc P42/mmc 
Z 2 2 
a, Å 24.4443(11) 24.8785(8) 
b, Å 24.4443(11) 24.8785(8) 
c, Å 14.3985(6) 17.5034(6) 
α, ° 90 90 
β, ° 90 90 
γ, ° 90 90 
V, Å3 8603.4(9) 10833.5(8) 
dcalc, g/cm3 0.724 0.844 
μ, mm-1 0.386 4.133 
F(000) 1856.0 2488.0 
crystal size, mm3 0.06×0.04×0.04 0.2×0.1×0.04 
theta range 4.372 to 50.096 4.338 to 52.788 
index ranges 
–29 ≤ h ≤ 26 
–28 ≤ k ≤ 29 
–16 ≤ l ≤ 16 
-31 ≤ h ≤ 31 
-31 ≤ k ≤ 31 
-21 ≤ l ≤ 21 
refl. collected 44828 132853 
data/restraints/ parameters 4165/130/126 5997/188/130 
GOF on F2 1.072 1.037 
Largest peak/ hole, e/Å3 0.66/–0.95 1.54/-0.92 
R1/wR2,  
[I ≥2sigma(I)]b 0.0530/0.1489 0.0335/0.0872 
 
aMo-Kα (λ = 0.71073Å) radiation  
bR1 = Σ||Fo| - |Fc||/ Σ |Fo|, wR2 = {Σ [w(F0-Fc2)2]/S[w(F02)2]}1/2 
 
Van der Waals dispersion correction (denoted as PBE-D3). The other was within a hybrid 
Hartree-Fock/DFT with the B3LYP hybrid functional72 and also with a dispersion 
correction (denoted as B3LYP-D3). The Van der Waals interactions were taken into 
account using the dispersion formula of Grimme et al.73 with Becke-Johnson damping.74 
In addition, in the PBE-D3 set, an on-site Coulomb interaction was added to the uranium 
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f electrons to improve the electronic structure of these localized electrons within the 
DFT+U formalism.75 Based on previous studies,76–82 a U-J = 4.0 eV was used. 
First, we optimized the Zr6(HCO2)8O8 structure. Table 2 shows the relaxed 
structure obtained with B3LYP-D3, however the structure obtained with PBE-D3 is 
nearly identical. Subsequently a Th or U atom was substituted for one of the Zr atoms. 
For this one-atom substitution, there are two unique sites, pos1 (1) and pos3 (3) as shown 
in Table2. The formation energy for this one-atom substitution (Ef{1}) is calculated from 
the following total energies (equation 1): 
Ef{1}=Et{MZr5(HCO2)8O8+Et{Zr4+}–Et{Zr6(HCO2)8O8}-Et{M4+} 
Where Et{M4+} is the total energy of an isolated positive ion (M = Th or U). The 
image charge correction due to periodic boundaries has been taken into account by using 
the static dielectric constant of DMF at room temperature e = 37.65.83 Furthermore, 
substitution of all the Zr atoms with Th atoms or U atoms was also investigated. Similarly 
to Equation 1, the formation energy for this six-atom substitution (Ef{6}) is calculated 
from: 
Ef{6}=Et{M6(HCO2)8O8}+6Et{Zr4+}–Et{Zr6(HCO2)8O8}–6Et{M4+} 
Table 2 summarizes the formation energies. The results show that substitutions 
with Th or U are not energetically favored.  
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CHAPTER 9 
CONNECTING WIRES: PHOTOINDUCED ELECTRONIC STRUCTURE 
MODULATION IN METAL-ORGANIC FRAMEWORKS 
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Electronic structure modulation of metal-organic frameworks (MOFs) through 
the connection of linker “wires” as a function of an external stimulus is reported for the 
first time. The established correlation between MOF electronic properties and 
photoisomerization kinetics as well as changes in an absorption profile is unprecedented 
for extended well-defined structures containing coordinatively-integrated 
photoresponsive linkers. The presented studies were carried out on both single crystal and 
bulk powder with preservation of framework integrity. An LED-containing electric 
circuit, in which the switching behavior was driven by the changes in a MOF electronic 
profile, was built for visualization of experimental findings. The demonstrated concept 
could be used as a blueprint for development of stimuli-responsive materials with 
dynamically-controlled electronic behavior. 
INTRODUCTION 
Modulation of electronic structure as a function of external stimuli is driven by 
multifunctional device development.1–5 For instance, optical control over material 
electronic structures offers a powerful approach for optical switch integration, memory 
device evolution, and photocatalysis.6–13 Tailoring electronic properties of metal-organic 
frameworks (MOFs) was previously achieved through metal node engineering, redox-
active linker installation, or guest incorporation.14–23 
Herein, we demonstrate the first studies of electronic structure modulation of 
MOFs through connection of linker “wires” using two classes of photoresponsive ligands 
possessing distinct photoisomerization kinetics (Scheme 9.1). For the first time, we show 
that tunability of electronic properties of crystalline three-dimensional (3D) frameworks 
with periodically covalently-integrated photochromic units results in changes in the 
diffuse reflection (DR) profile of the material that vary as a function of the excitation 
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wavelength. Moreover, such cycling of electronic properties occurs while the integrity of 
the framework is preserved. We present electronic structure modulation of bulk and 
single crystal MOFs (including two new structures for which synthesis and 
characterization details are provided). The change in electronic structure also results in  
Scheme 9.1. (top) “Wiring” Stimuli-
Responsive Linkers as a Function of Excitation 
Wavelength for Framework Electronic 
Structure Modulation. (bottom) Visualization 
of Changes of MOF Electronic Properties 
through LED Switching. 
 
 
conductivity modulation, which could be visualized using an electronic circuit connected 
to a light-emitting diode (LED, Scheme 9.1). 
To correlate changes between MOF electronic profile and the photoisomerization 
kinetics of photochromic molecules, such molecules can be linked together via the 
frameworks to form an “electric circuit”.24,25 To build such a circuit, we integrated 
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stimuli-responsive ligands as a part of the frameworks (Scheme 9.1). Two distinct classes 
of linkers with spiropyran and diarylethene cores have been chosen as examples with 
drastically different photoisomerization mechanisms. For instance, switching of 
spiropyran derivatives from a neutral spiropyran form to a charge-separated merocyanine 
zwitterion (Figure 9.1) induces a change in the conjugation pattern and charge 
distribution.26 Spiropyran isomerization also imposes a change in the molecular 
conformation requiring significant structural freedom. Unlike spiropyran, diarylethene 
derivatives are capable of fast photoisomerization in the solid state since the covalent 
bond formation between the methylthiophene groups occurs within the plane (Figure 
9.2).27  
Specifically, we studied the possible correlation between the photoisomerization 
process and the electronic properties as a function of an excitation wavelength on 
examples of three frameworks with photochromic ligands (Figures 9.1 and 9.3) and two 
“photoinactive” frameworks as control experiments. The initial studies were carried out 
on Zn2(DBTD)(TNDS) (1, H4DBTD = 3′,6′-dibromo-4′,5′-bis(4-carboxyphenyl)-
1[1,1′:2′,1′′-tetraphenyl]-4,4′′-dicarboxylic acid, TNDS = 1′,3′,3′-trimethyl-6-nitro-4′,7′-
di(pyridin-4-yl)spiro[chromene-2,2′-indoline], Figure 9.1),28 in which spiropyran units 
were attached to the linker skeleton, and able to undergo photoisomerization inside the 
framework pores. The structure of 1 consists of tetracarboxylate linkers, DBTD4–, 
connected by zinc-paddle-wheel nodes, and TNDS bound to axial positions of these 
nodes (Figure 9.1).  
To estimate the effect of spiropyran photoisomerization on the MOF electronic 
structure, we examined absorption properties of 1 upon alternation of excitation 
wavelengths (Figure 9.1). After 365-nm irradiation, a bathochromic shift of the 
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absorption profile was detected, resulting in changes of the optical band gap from 1.87 
eV to 1.73 eV.22,29 Figure 9.1 demonstrates that the spiropyran and merocyanine forms of 
TNDS could interconvert upon irradiation without framework degradation even after 
several consecutive irradiation cycles. Thus, these studies provide the first evidence of 
optical cycling for the spiropyran derivative integrated as a part of the extended 
crystalline structure.  
For correlation of photoisomerization with changes in a MOF conductivity, we 
used a homebuilt two-contact probe pressed-pellet setup (2C3PS)20,30 allowing for 
simultaneous MOF irradiation and monitoring of changes in electric current flow in a 
compressed powder sample under a constant applied voltage. We found that 365-nm 
irradiation for only 15 s led to approximately 1.2 ´ increase in conductivity of 1. The 
absolute ratio between conductivity values corresponding to spiropyran and merocyanine 
forms were not feasible to measure due to fast cycloreversion kinetics (i.e., spontaneous 
transition of the merocyanine state back to the spiropyran form). However, we were able 
to study photoisomerization kinetics of the spiropyran moiety under ultraviolet (UV)-
irradiation (i.e., spiropyran-to-merocyanine photoconversion) and reverse cyclization 
under visible-light irradiation based on the rate of change of the electric response of 1. 
The forward rate  (kUV) and reverse rate (kvis) constants were found to be 7.6 × 10–2 s–1 
and 2.2 × 10–2 s–1, respectively, considering a first-order response.  
After establishing the photophysics-resistivity correlation for the bulk powder of 
1, two-probe conductance measurements on a single crystal were carried out (Figure 1). 
To promote ring-opening photoisomerization, a single crystal of 1 was irradiated at 365 
nm for three min, followed by 3-min irradiation with 590 nm to stimulate reverse 
conversion of merocyanine to spiropyran. In agreement with powder measurements,  
 336 
 
 
Figure 9.1. (a) Single-crystal X-ray structures 
of 1 with simulated spiropyran moieties 
demonstrating spiropyran-to-merocyanine 
photoisomerization. Orange, red, blue, brown, 
and gray spheres represent zinc, oxygen, 
nitrogen, bromine, and carbon atoms, 
respectively. (b) Changes in conductance of a 
single crystal of 1 (red) and Cu3(BTC)2 (black, a 
control experiment) upon 365-nm irradiation, 
followed by 590-nm irradiation. Insets show 
photographs of the single-crystal setups. (c) 
Normalized optical cycling of current (top) and 
absorption (bottom) as a function of alternating 
irradiation.  
electrical conductance for the single crystal of 1 increased while the original value was 
restored after 590-nm irradiation. 
As a control experiment, we performed the same cycling studies on both single 
crystal and bulk forms for two MOFs without photochromic units, Zn2(DBTD)(DPB-
CHO) (DPB-CHO = 2,5-di(pyridin-4-yl)benzaldehyde)31 and Cu3(BTC)2 (H3BTC = 
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benzene-1,3,5-tricarboxylic acid).22,32 We synthesized novel Zn2(DBTD)(DPB-CHO) 
isostructural to 1, however, Zn2(DBTD)(DPB-CHO) does not contain photoactive 
spiropyran units. In addition, the Cu3(BTC)2 framework was chosen due to its well-
studied physicochemical properties.19,22 As expected, electric response modulation was 
not detected for these frameworks in either single-crystal or bulk forms, confirming that 
only the photochromic units in 1 are responsible for electric response modulation. 
To visualize the concept of electronic structure changes upon irradiation with 
light, we built single-transistor amplifier circuit on a breadboard allowing an LED to 
indicate the previously detected changes (Scheme 9.1). The 2C3PS containing 1 was 
incorporated as a resistor in series with the base in a common-emitter circuit, with the 
LED attached to the collector. As expected, upon irradiation of 1 with UV light caused 
the LED to be illuminated, while removal of UV irradiation and leaving the sample in the 
dark resulted in LED turning off. 
Unlike spiropyran-based molecules, diarylethene derivatives do not undergo 
reverse photoisomerization spontaneously.27 To establish the photophysics-electronic 
structure correlation for diarylethene linkers similarly to that of TNDS, we prepared two 
frameworks containing bis(5-pyridyl-2-methyl-3-thienyl)cyclopentane ligands (BPMTC, 
Figure 9.2),33,34 in which the photochromic moiety was a part of the ligand backbone.  
The prepared 3D frameworks consist of Zn-based paddle-wheel units connected 
by BPDC2– (2, H2BPDC = biphenyl-4,4′-dicarboxylic acid, Figure 9.3)28 or SDC2– (2′, 
H2SDC = stilbene-4,4′-dicarboxylic acid, Figure 9.3), while the photochromic BPMTC is 
axially coordinated to the nodes. Integration of diarylethene derivatives within a rigid 
scaffold could still allow for their photoisomerization without loss of framework 
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integrity.35 In 2 or 2′, the carbon atoms in the thienyl groups were found to be located in 
close proximity to each other (< 4.2 Å), indicating possibility for the photocyclization 
reaction. 35 
Presence of sulfur in BPMTC provided us a unique opportunity to apply X-ray 
photoelectron spectroscopy (XPS) for the first time to study linker photoisomerization by 
monitoring changes in the S(2p) region due to different binding energies of the two 
isomers (Figure 9.2). “Open-to-closed” conversion was induced by exposure to UV 
irradiation during the XPS data collection. The S(2p) region for “open” BPMTC is 
characterized by a doublet at 164.1 eV, while the S(2p) spectrum of the closed form is 
shifted towards a lower binding energy (163.4 eV).36 Under UV irradiation, a growth in 
the peak intensity corresponding to the closed form and simultaneous decrease of the 
peak intensity corresponding to the open form were recorded. As a result, the amounts of 
the “closed” isomer increased by 28% and 12% after UV-irradiation in 2 and 2′, 
respectively (Figure 9.2). 
To correlate BPMTC photoisomerization with changes in electronic properties, 
DR spectroscopy and theoretical calculations were employed. Upon 365-nm irradiation 
for 10 min, a bathochromic shift of the absorption profile of 2 was observed (Figure 9.2). 
The estimated optical band gaps of 2 before and after irradiation were found to be 1.72 
eV and 1.65 eV, respectively (Figure 9.2). A similar behavior was observed for 2′ (Figure 
9.2). To rationalize the observed changes, we carried out theoretical calculations on a 
truncated MOF model (Figure 9.2). Time-dependent density-functional-theory 
calculations revealed that BPMTC isomerization from the open to closed form results in a 
decrease of the framework band gap which supports experimental observations (Figures 
9.2 and 9.3). 
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Figure 9.2. (a) Photoisomerization of BPMTC 
coordinated to Zn2(O2C−)4 nodes. (b, c) 
Experimental DR spectra and Tauc plot ([F(R) ´ 
hn]2 vs hn) of 2 before (blue) and after (red) 
irradiation (lex = 365 nm, t = 10 min). (d, e) XPS 
data of 2 for the S(2p) region before (d) and after 
(e) irradiation (lex = 365 nm, t = 30 min). (f) 
Simulated density of states of a truncated MOF 
model in the open (blue) and closed (red) forms. 
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Figure 9.3. (top) Single-crystal X-ray structures 
of (a) 2 and (c) 2′. Orange, red, blue, yellow and 
gray spheres represent zinc, oxygen, nitrogen, 
sulfur, and carbon atoms, respectively. (bottom) 
Conductivity data for (b) 2 and (d) 2′ before 
(blue) and after (red) UV irradiation (lex = 365 
nm, t = 2 h). 
 
To investigate the changes in electronic structure upon irradiation with UV light 
for BPMTC-containing MOFs, we utilized the 2C3PS described above.20,30 The studies 
were performed on bulk of 2 (2′). The electrical conductivity of the prepared pellets was 
calculated by fitting the obtained linear I-V curves using Ohm’s law. A total number of 
six pressed pellets from separate batches of the material were used. Equal variance t-test 
analysis was used for the comparison of the measured conductivity values.37 The 
obtained p-tail value was less than 0.05 indicating statistical difference between values 
for as-synthesized and irradiated MOFs (Figure 9.3). Thus, average conductivity values 
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for the non-irradiated sample were found to be 6.4 (± 0.87) × 10–7 (2) and 9.5 (± 2.1) × 
10–7 S×cm-1 (2′), while after UV irradiation, approximately three-time conductivity 
enhancement was detected (1.7 (± 0.34) × 10–6 S×cm-1 (2) and 2.9 (± 0.67) × 10–6 S×cm-1 
(2′)). These measurements are the first examples of changes in electronic behavior of 
crystalline materials containing diarylethene compounds.  
To summarize, the presented results are the first proof-of-principle demonstration 
of photoinduced electronic structure modulation of frameworks consisting of two distinct 
classes of photochromic molecules with drastically different photoisomerization kinetics. 
In the case of the spiropyran-based linker, formation of a charge-separated merocyanine 
form under UV irradiation increases delocalization of the frontier orbitals and decreases 
their spatial separation, and therefore, could result in an increase of charge hopping rates 
promoting conductivity enhancement.23 The enhanced charge transport for diarylethene 
derivatives could be attributed to the changes in the p-conjugation length upon the 
photocyclization reaction.38 On the example of the photochromic compounds 
coordinatively integrated inside the scaffold, we performed the first-time correlation of 
photophysics with changes in conductivity in extended crystalline materials, which could 
be interpreted based on electronic structure calculations. Moreover, the possibility of 
electric response cycling and its correlation with photoisomerization processes was 
demonstrated for spiropyran-containing crystalline materials for the first time. 
Furthermore, electronic structure investigations were performed for both bulk and single-
crystal forms supported by results from control experiments. By utilization of XPS, we 
showed, for the first time, that the photoisomerization process for diarylethene-based 
linkers integrated into a framework can be monitored in situ. Finally, to visualize MOF 
conductivity changes, we constructed an electric circuit allowing us to perform LED 
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switching as a function of incident light. Thus, we provided a pathway for translation of 
changes occurring on a molecular level (linker) into properties of bulk materials, which 
could be used as a blueprint for development of stimuli-responsive materials with 
dynamically-controlled electronic properties.  
EXPERIMENTAL SECTION 
Materials 
Zinc nitrate, hexahydrate (lab grade, Ward’s Science), copper(II) nitrate, 
hemi(pentahydrate) (98.3%, Mallinckrodt AR), tin(II) chloride, anhydrous (98%, 
Beantown Chemicals), anhydrous copper(I) chloride (97%, Beantown Chemicals), 
bis(triphenylphosphine)palladium(II) dichloride (96%, Oakwood Chemical), copper 
powder (99.9%, Alfa Aesar), sodium carbonate (ACS grade, Ameresco), magnesium 
sulfate, anhydrous (USP, Chem-Implex, International Inc.), sodium sulfate, anhydrous 
(99.5%, Oakwood Chemical), sodium hydroxide (ACS, Oakwood Chemical), sodium 
nitrite (98%, Oakwood Chemical), chromium(VI) oxide (99.9%, Sigma-Aldrich), sodium 
carbonate (ACS grade, Macron Fine Chemicals), potassium carbonate (lab grade, Ward’s 
Science), aluminum chloride, anhydrous (95+%, Alfa Aesar), 
tetrakis(triphenylphosphine)palladium(0) (98%, Matrix Scientific), titanium chloride 
(99%, Beantown Chemicals), zinc dust (99.3%, Fisher Chemical), bromine (99.8%, 
Acros-Organic), 2,5-dibromonitrobenzene (99%, Oakwood Chemical), 3-methyl-2-
butanone (98%, Beantown Chemicals), methyl trifluoromethanesulfonate (97%, Matrix 
Scientific), 2-hydroxy-5-nitrobenzaldehyde (98%, Oakwood Chemical), pyridine-4-
boronic acid (95%, Matrix Scientific), 1,3,5-benzenetricarboxylic acid (98%, Alfa 
Aesar), hexabromobenzene (>99%, TCI America), p-tolylmagnesium bromide (0.5 M in 
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diethyl ether, Acros Organics), 4,4′-biphenyldicarboxylic acid (97%, Oakwood 
Chemical), stilbene-4,4′-dicarboxylic acid (98%, AK Scientific), 2,5-dibromotoluene 
(98%, Oakwood Chemical), 2-methylthiophene (98%, Matrix Scientific), n-
chlorosuccinimide (98%, Sigma-Aldrich), glutaryl chloride (Oakwood Chemical), 4-
bromopyridine hydrochloride (98%, Matrix Scientific), tri-n-butyl borate (98%, Strem 
Chemicals), n-butyllithium solution (2.5 M in hexanes, Sigma-Aldrich), hydrochloric 
acid (34.5-38%, ACS, VWR Chemicals), glacial acetic acid (ACS grade, BDH), sulfuric 
acid (ACS plus grade, Fisher Chemical), nitric acid (ACS reagent, Sigma-Aldrich), 
fluoroboric acid (48%, Oakwood Chemical), acetic anhydride (99.63%, Chem-Impex 
International Inc.), benzene (ACS grade, Beantown Chemicals), carbon disulfide (99.9%, 
HoneyWell), ethylene glycol (semi grade, VWR Analytics), carbamide (98+%, Alfa 
Aesar), toluene (ACS grade, Macron Fine Chemicals), dichloromethane (ACS grade, 
Oakwood chemical), ethyl acetate (HPLC grade, EMD Chemicals), ethanol (200 proof, 
Decon Laboratories, Inc), methanol (HPLC plus grade, Sigma-Aldrich), acetone (ACS 
grade, Sigma-Aldrich), chloroform (99.9%, Fisher Chemical), ethyl ether anhydrous 
(ACS grade, Fisher Chemical), hexanes (ACS, BDH), N,N-dimethylformamide (>99%, 
Tokyo Chemical Industry), piperidine (99%, Sigma-Aldrich), carbon tetrachloride 
(99.9%, Sigma-Aldrich), tetrahydrofuran (HPLC grade, Beantown Chemicals), 
chloroform-d (99.8%, Cambridge Isotopes), acetone-d6 (99.9%, Cambridge Isotopes), 
and dimethyl sulfoxide-d6 (99.9%, Cambridge Isotopes) were used as received.  
The compounds 1 (Figures 9.4–9.6),28 2 (Figures 9.7–9.8),28 Cu3(BTC)232 
(H3BTC = benzene-1,3,5-tricarboxylic acid), 3′,6′-dibromo-4′,5′-bis(4-carboxyphenyl)-
1[1,1′:2′,1′′-tetraphenyl]-4,4′′-dicarboxylic acid (H4DBTD),39 2,5-di(pyridin-4-
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yl)benzaldehyde (DPB-CHO),31 and bis(5-pyridyl-2-methyl-3-thienyl)cyclopentane 
(BPMTC)33 were prepared according to reported literature procedures. 
Preparation of Zn2(DBTD)(DPB-CHO) 
 The Zn2(DBTD)(DPB-CHO) metal-organic framework (MOF) was prepared 
using a slightly modified literature procedure.39 In a one-dram vial, Zn(NO3)2∙6H2O (18.0 
mg, 60.5 μmol), H4DBTD (5.40 mg, 7.50 μmol), and DPB-CHO (5.00 mg, 19.2 μmol) 
were dissolved in 0.8 mL of N,N-dimethylformamide (DMF) with HBF4 (6 μL) followed 
by sonication. The resulting solution was placed in a preheated oven at 80 °C for 24 h 
and then cooled down to room temperature over 2 h. Colorless plate crystals of 
Zn2(DBTD)(DPB-CHO) (4.70 mg, 4.27 μmol) were isolated in 57% yield. A detailed 
description of the crystallographic data collection and refinement details is given in Table 
 
 
Figure 9.4. PXRD patterns of 1: 
simulated (black), before (blue) and 
after (red) 10-min UV-irradiation 
with preferential orientation along 
the crystallographic [001] direction. 
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Figure 9.5. Diffuse reflectance spectra of 1 before 
(blue) and after (red) 1-min UV irradiation.  
 
 
 
Figure 9.6. Tauc plot ([F(R) × hν]2 vs hν) for 
bandgap transitions of 1 before (blue) and after (red) 
1-min UV irradiation. 
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Figure 9.7. PXRD 
patterns of 2: before 
irradiation (blue) and 
after (red) 2-h UV-
irradiation with 
preferential orientation 
along the 
crystallographic [312] 
direction. 
 
 
Figure 9.8. XPS survey scan of 2. 
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9.1. The determined structure of Zn2(DBTD)(DPB-CHO) is shown in Figure 9.10. FTIR 
(neat, cm–1): 2928, 1665, 1641, 1613, 1559, 1501, 1435, 1385, 1255, 1222, 1179, 1090, 
1063, 1026, 1018, 905, 865, 845, 825, 787, 749, 725, and 658. The powder X-ray 
diffraction (PXRD) pattern of Zn2(DBTD)(DPB-CHO) matches the one simulated from 
single-crystal X-ray data (Figure 9.9). PXRD studies were also used to confirm 
crystallinity of the bulk material before and after irradiation (Figure 9.9).  
Preparation of 2′ 
In a 20 mL vial, Zn(NO3)2∙6H2O (7.00 mg, 23.5 μmol), 4,4′-stilbenedicarboxylic 
acid (H2SDC, 6.50 mg, 24.2 μmol), and BPMTC (10.0 mg, 41.3 μmol) were dissolved in 
5 mL of DMF followed by sonication. The resulting solution was heated at 110 °C in an  
 
 
Figure 9.9. PXRD patterns of 
Zn2(DBTD)(DPB-CHO): simulated 
(black), before irradiation (blue), 
and after (red) 10-min UV-
irradiation with preferential 
orientation along the 
crystallographic [001] direction. 
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Figure 9.10. The X-ray crystal structure of Zn2(DBTD)(DPB-CHO). 
Solvent molecules, hydrogens atoms, and the heavily disordered part 
of the DPB-CHO molecules are omitted for clarity. Red, orange, blue, 
brown, and gray spheres represent O, Zn, N, Br, and C atoms, 
respectively.  
isothermal oven. After 24 h, the reaction mixture was cooled down to room temperature 
over 2 h. Brown wedge-shaped crystals of 2′ (15.8 mg, 17.5 μmol) were isolated in 75% 
yield. A detailed description of the crystallographic data collection and refinement details 
is given in Table S1. The determined structure of 2′ is shown in Figures 9.3 and 9.11. 
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FTIR (neat, cm-1): 3469, 2932, 1659, 1639, 1606, 1541, 1506, 1387, 1255, 1223, 
1180,1091, 1031, 1015, 979, 961, 866, 855, 825, 804, 786, 708, 684, and 659. As shown 
in Figure 9.12, the PXRD pattern of 2′ matches the one simulated from single-crystal X-
ray data. Moreover, PXRD studies were used to confirm crystallinity of the bulk material 
before and after irradiation with UV light (Figure 9.12). The PXRD patterns, diffuse 
reflectance spectrum for open and closed form of the linker, Tauc plot, X-ray 
photoelectron spectroscopy (XPS), and conductivity data are shown in Figures 9.12–14 
and 9.3, respectively. 
 
 
Figure 9.11. The X-ray crystal structure of one non-interpenetrated 
component of 2′. Blue, yellow, red, orange, and gray spheres represent N, S, 
O, Zn, and C atoms, respectively. The structure of 2′ consists of four 
symmetry equivalent interpenetrated frameworks. Solvent molecules are 
omitted for clarity. 
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Figure 9.12. PXRD patterns of 2′: 
simulated (black), before 
irradiation (blue), and after (red) 2-
h UV-irradiation with preferential 
orientation along the 
crystallographic [131] direction. 
 
 
 
Figure 9.13. Diffuse reflectance spectra of 2′: 
before (blue) and after (red) 10-min UV 
irradiation. 
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Figure 9.14. Tauc plot ([F(R)× hν]2 vs hν) for 
bandgap transitions for 2′ before (blue) and 
after (red) UV irradiation for 10 min.  
          
 
Figure 9.15. XPS data of 2′: (top) survey scan; (bottom) S(2p) region before 
(left) and after (right) UV irradiation for 30 min prior to data collection.  
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X-ray crystal Structure Determination 
Zn2(BPMTC)(SDC)2 (Zn2(C25H22N2S2)(C16H10O4)2, 2′). X-ray intensity data 
from a brown wedge-shaped crystal were collected at 100(2) K using a Bruker D8 
QUEST diffractometer equipped with a PHOTON-100 CMOS area detector and an 
Incoatec microfocus source (Mo Kα radiation, λ = 0.71073 Å). All available crystals 
diffracted weakly, and no diffraction intensity was observed at higher angles. The dataset 
was truncated at d = 0.89 Å (2θmax = 46.9°), at which value the mean reflection I/σ(I) fell 
below 2.0. The raw area detector data frames were reduced and corrected for absorption 
effects using the Bruker APEX3, SAINT+ and SADABS programs.40,41 Final unit cell 
parameters were determined by least-squares refinement of 9272 reflections from the data 
set. The structure was solved with SHELXT.42,43 Subsequent difference Fourier 
calculations and full-matrix least-squares refinement against F2 were performed with 
SHELXL-201842,43 using OLEX2.44 
The compound crystallizes in the monoclinic system. The pattern of systematic 
absences in the intensity data was consistent with the space group P21/c, which was 
confirmed by structure solution. The asymmetric unit consists of two crystallographically 
independent Zn2 units, two independent C25H22N2S2 ligands, four independent C16H10O4 
ligands and a region of disordered solvent molecules. One C16H10O4 ligand is disordered 
and was modeled with two components (O13A-O16A, C99-C114 / O13B-O16B, C199-
C214), which were given equal occupancies of 50% each. Many restraints were necessary 
to achieve reasonable geometries and atomic parameters for the disordered atoms. 
Geometries of each component were restrained to be similar to that of the ordered ligand 
O1-O4/C51-C66 using SHELX SAME and FLAT instructions. Anisotropic displacement 
parameters (adps) were restrained to adopt sensible forms using RIGU and ISOR 
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instructions. adps of nearly superimposed atoms were held equal. Efforts to model the 
solvent disorder were unsuccessful. Trial modeling attempts identified some partially 
occupied DMF molecules, but the large majority of the observed solvent electron density 
in the cavities was too severely disordered to model. The Squeeze program in PLATON 
was therefore used to account for these species.45,46 The solvent-accessible volume was 
calculated to be 4865 Å3 per unit cell (36% of the total cell volume), containing the 
equivalent of 1299 electrons per unit cell. The scattering contribution of this electron 
density was added to the structure factors computed from the known part of the structure 
during refinement. For comparison, the residual factors were R1/wR2 = 0.115/0.325 for 
the best disorder model, and R1/wR2 = 0.087/0.231 after applying Squeeze. The reported 
crystal density and F.W. are calculated from the known part of the structure only. All 
non-hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen 
atoms bonded to carbon were placed in geometrically idealized positions and included as 
riding atoms with d(C–H) = 0.95 Å and Uiso(H) = 1.2Ueq(C) for aromatic hydrogen atoms 
and d(C-H) = 0.98 Å and Uiso(H) = 1.5Ueq(C) for methyl hydrogens. The methyl 
hydrogens were allowed to rotate as a rigid group to the orientation of maximum 
observed electron density. The largest residual electron density peak in the final 
difference map is 2.09 e/Å3, located 0.99 Å from O9. 
Zn2(DBTD)(DPB-CHO) (Zn2(C34H16Br2O8)(C17H12N2O)). X-ray intensity data 
from a colorless plate were collected at 301(2) K using a Bruker D8 QUEST 
diffractometer equipped with a PHOTON-100 CMOS area detector and an Incoatec 
microfocus source (Mo Kα, radiation, λ = 0.71073 Å). The crystals crack, become cloudy, 
and lose crystallinity in air and under oil within a few hours. They also crack and cloud 
immediately when flash-cooled in the diffractometer cold stream at temperatures lower 
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than ca. 260 K. The crystal was therefore mounted and sealed inside a glass capillary in 
the presence of a drop of the mother liquor for data collection at room temperature. The 
raw area detector data frames were reduced and corrected for absorption effects using the 
Bruker APEX3, SAINT+ and SADABS programs.40,41 Final unit cell parameters were 
determined by least-squares refinement of 9759 reflections taken from the data set. The 
structure was solved with SHELXT.42,43 Subsequent difference Fourier calculations and 
full-matrix least-squares refinement against F2 were performed with SHELXL-201742,43 
using OLEX2.44 
The compound crystallizes in the space group Pmmm of the orthorhombic system. 
It is structurally similar to previously reported compounds.47 The asymmetric unit 
consists of ¼ of a Zn atom, ¼ of one C34H16Br2O8 cross-linking ligand, ¼ of one 
C17H12N2O pillar ligand and a large volume of disordered solvent guest molecules which 
could not be identified. The unique pyridyl ring and the central phenyl ring of the 
C17H12N2O pillar are each disordered across two mirror planes. Two independent 
positions A/B were modeled for each ring, consisting of four atoms (N1, C11A/B, 
C12A/B, C13) for the pyridyl ring and two atoms (C14, C15A/B) for the phenyl ring. The 
central phenyl ring is further bisected by a third mirror plane perpendicular to the ligand 
axis. The crystallographically imposed mirror symmetry then generates a total of four 
orientations for each ring. The formyl substituent of the central phenyl ring of the pillar 
could not be crystallographically located. It is presumably bonded to C15A/C15B and is 
therefore disordered over 16 possible symmetry-equivalent positions. It contributes too 
weakly to the structure factors (1/16 of an aldehyde group (–CHO)) to be reasonably 
located. The largest electron density peak in this region was 0.23 e/Å3, located 1.7 Å 
from C15B, and could not be modeled as part of the formyl substituent. For the final  
 355 
Table 9.1. X-ray structure refinement data for 2′a and Zn2(DBTD)(DPB-CHO)a. 
compound 2′ Zn2(DBTD)(DPB-CHO) 
formula C57H42N2O8S2Zn2 C51H28Br2N2O9Zn2 
FW 1077.78 1103.31 
T, K 100(2) 301(2) 
crystal system monoclinic orthorhombic 
space group P21/c Pmmm 
a, Å 26.4692(19) 11.4319(4) 
b, Å 17.4806(13) 15.7328(6) 
c, Å 29.688(2) 18.3308(7) 
α, ° 90 90 
β, ° 103.562(2) 90 
γ, ° 90 90 
V, Å3 13353.5(17) 3296.9(2) 
dcalc, g/cm3 1.072 0.556 
μ, mm‑1 0.825 0.990 
F(000) 4432.0 550.0 
crystal size, mm3 0.20 × 0.18 × 0.08 0.52 × 0.44 × 0.38 
theta range 4.386 to 46.862 2.588 to 50.21 
index ranges 
–29 ≤ h ≤ 29 
–19 ≤ k ≤ 19 
–33 ≤ l ≤ 32 
–13 ≤ h ≤ 13 
–18 ≤ k ≤ 18 
–21 ≤ l ≤ 21 
refl. collected 263812 77991 
data/restraints/parameters 19451/559/1325 3319/233/103 
GOF on F2 1.027 1.124 
Largest peak/hole, e/Å-3 2.09/–0.77 0.63/–0.67 
R1/wR2, [I ≥ 2σ(I)]b 0.0866/0.2067 0.0495/0.1469 
aMo-Kα (λ = 0.71073Å) radiation 
bR1 = Σ||Fo| - |Fc||/ Σ |Fo|, wR2 = {Σ [w(Fo2-Fc2)2]/ Σ [w(Fo2)2]}]1/2 
 
refinement cycles, an idealized hydrogen atom was attached to C15A/C15B. The 
disordered interstitial solvent species could not be modeled. Their contribution to the 
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structure factors was accounted for using the Squeeze technique.45,46 The solvent-
accessible volume was calculated to be 2336 Å3 (71% of the total unit cell volume), 
containing the scattering equivalent of 581 electrons per unit cell. The reported formula 
and F.W. reflect the expected framework atoms with the complete C17H12N2O pillar but 
not the unknown solvent content. All non-hydrogen atoms were refined with anisotropic 
displacement parameters except for the disordered and partially occupied pillar atoms, 
which were refined isotropically. Hydrogen atoms bonded to carbon were placed in 
geometrically idealized positions and included as riding atoms with d(C–H) = 0.95 Å and 
Uiso(H) = 1.2Ueq(C). The largest residual electron density peak in the final difference map 
is 0.63 e/Å3, located 0.77 Å from C7. 
Electronic Structure as a Function of External Stimuli 
 To study the possibility for MOF electronic structure modulation as a function of 
an excitation wavelength, we used a 2-contact-probe pressed-pellet set up (2C3PS) 
similar to previously reported examples.48,49 An “in-house” apparatus made it possible to 
fabricate the pressed pellets and perform the measurements in situ. The MOF crystalline 
powder (10 mg), pre-dried for 1 h on air, was pressed between two stainless steel rods 
inside an insulating quartz tube. The diameter of the resulting pellet is the same as the 
inner diameter of the quartz tube (d = 2 mm). The thickness of the pellets was kept 
consistent (l = 1 mm) by using the same amount of material. After forming a small pellet, 
the stainless-steel rods were connected to a sourcemeter (Keithley Instruments GmbH, 
Germering, Germany, model 263 or 2636A) and an electrometer (Keithley Instruments 
GmbH, Germering, Germany, model 617) using alligator clips to perform conductivity 
measurements. The measurements were performed under the same conditions (at room 
temperature in the dark) unless otherwise noted. 
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Dependence of the current values on an excitation wavelength for 1, 
Zn2(DBTD)(DPB-CHO), and Cu3(BTC)2 was measured in previously discussed 2C3PS 
which was connected to a sourcemeter (Keithley Instruments GmbH, Germering, 
Germany, model 2636A). Constant voltage (5 V) was applied while current was 
measured every 300 ms (number of power line cycles (NPLC) 5, delay of 1 ms). Before 
data collection, an equilibration time (t = 90 s) was applied in the dark. Then, the sample 
was irradiated (t = 5 s) using a high-powered LED (M365L2, Thorlabs, λex = 365 nm, the 
LED-sample distance = 2 cm, LEDD1B power supply set at 700 mA), followed by 
thermal relaxation in the dark (t = 5 s). The procedure was repeated for eight consecutive 
irradiation cycles (Figure 9.18). PXRD studies were used to confirm integrity of the 
MOFs after optical cycling. 
 
 
Figure 9.16. Modulation of the electric response of 1 (red), 
Zn2(DBTD)(DPB-CHO) (black), and Cu3(BTC)2 (blue) by 
alternating light irradiation using 2C3PS. Irradiation was 
performed using a mounted high-powered LED (λex = 365 nm) 
for five seconds, followed by thermal relaxation in the dark for 
five seconds. 
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To measure the electrical conductivity for 2 and 2′ before and after irradiation 
with UV light, each batch was divided into two portions. The first portion of the sample 
was used for electrical measurements as is, while the second portion was irradiated with a 
mounted high-powered LED (M365L2, Thorlabs, λex = 365 nm, distance = 6 cm, t = 2 h, 
LEDD1B power supply set at 700 mA). Due to the possibility of MOF degradation on air 
for an extended period of time, the crystals were covered with a thin layer of DMF. The 
measurements were performed using 2C3PS connected to a sourcemeter (Keithley 
Instruments GmbH, Germering, Germany, model 263) and an electrometer (Keithley 
Instruments GmbH, Germering, Germany, model 617). The I-V curve was collected by 
supplying a voltage in the range from –19 V to + 19 V. The electrical conductance in the 
prepared materials follows Ohm’s law and was estimated by fitting the obtained linear I-
V curves. PXRD studies were used to confirm integrity of 2 and 2′ after conductivity 
measurements. 
Studies of modulation of the electronic structure using single crystals of 1, 
Zn2(DBTD)(DPB-CHO), and Cu3(BTC)2, were performed by applying the previously 
reported literature procedures using a two-probe method.49,50 For each measurement, 
single crystals of the MOF were placed on a dry glass slide and excess DMF was 
removed using filter paper. After that, the crystals were placed under paratone-N oil to 
prevent the possibility of their decomposition. A uniform single crystal without visible 
cracks was selected under an optical microscope and transported using a needle to a new 
dry glass slide. The crystal was carefully integrated between two blocks of silver paste 
(PELCO®) to form the desired Ohmic contact (Figure 9.1 and 9.19). The prepared set up 
was placed onto a station equipped with tungsten probes controlled by two 
micromanipulators (Signatone S-725-PRM). Electrical contact was made by placing the 
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probes into the silver paste close to the immobilized single crystal. The data 
points of I-V curves were collected every 30 s under irradiation with UV-light (Lixada, 
7W 25 LED, λex = 365 nm, distance = 5 cm, t = 3 min) followed by irradiation with a 
high-powered LED (M590L3, Thorlabs, λex = 590 nm, distance = 5 cm, LEDD1B power 
supply set at 500 mA). The changes in electric response of single crystals caused by 
alternating of light irradiation was obtained by fitting I-V curves and plotting the 
estimated conductance values over time. For 1 and Zn2(DBTD)(DPB-CHO), the I-V 
curve was collected by supplying voltage in the range from –5 V to 5 V with a step size 
of 1 V, scan rate of 5 NPLC and delay of 1 ms using a sourcemeter (Keithley Instruments 
GmbH, Germering, Germany, model 2636A). For Cu3(BTC)2, an I-V curve was collected 
by supplying voltage in the range from –0.5 V to 0.5 V with a step size of 0.1 V, scan rate 
of 5 NPLC, and the delay of 1 ms using a sourcemeter (Keithley Instruments GmbH, 
Germering, Germany, model 2636A).  
  
 
Figure 9.17. (left) A photograph of a two-contact probe single-crystal set up of 
Zn2(DBTD)(DPB-CHO) prepared by placing the MOF crystal between two silver 
paste contacts. (right) Modulation of the electric response of a single crystal of 
Zn2(DBTD)(DPB-CHO) upon irradiation with UV light (λex = 365 nm, t = 3 min) 
followed by irradiation with λex = 590 nm (t = 3 min).  
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Optical Cycling 
 Diffuse reflectance measurements were carried out using an Ocean Optics JAZ 
spectrometer. An Ocean Optics ICP-REF integrating sphere was connected to the 
spectrometer using a 450 μm SMA fiber optic cable. Prior to time-resolved diffuse-
reflectance measurements, the sample background was subtracted to cut off the region, 
which does not correspond to photophysical behavior of the photochromic moieties 
integrated into the framework. A sample was placed between two microscope slides and 
attached to the top of the integrating sphere with electrical tape. A mounted high-powered 
LED (M365L2, Thorlabs, λex = 365 nm, distance = 1 cm, LEDD1B power supply set at 
700 mA) was used for in situ irradiation of the sample for 15 s, then the sample was 
allowed to undergo photoinduced reversion on the top of the integration sphere for 15 s 
while a spectrum was collected 500 ms. This procedure was repeated for five consecutive 
irradiation cycles (Figure 9.1). 
LED amplifier circuit 
 To visualize the concept of the electronic structure changes upon irradiation with 
light, we built a circuit on a breadboard using 2C3PS, a transistor (UTC, 2N3904-RA9), 
and an LED (Jameco® Electronics, LTL-307EE) (Scheme 9.2). We utilized this circuit to 
visualize the correlation of the photoisomerization kinetics with changes of the MOF 
electronic structure. The assembled circuit was used for control and switching of the LED 
as a function of an excitation wavelength. In Scheme 9.2 (below), our developed 2C3PS, 
containing a pressed pellet of the MOF, was used as a resistor (R2) in the circuit. Upon 
reducing the resistance of sample in 2C3PS by UV irradiation, current at the base of 
transistor increases. As a base current rises above a certain value the LED emission 
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becomes visible. A green LED and current limiting series resistor R1, used to prevent the 
LED from burning out, were connected to the same source of voltage and to the collector 
of the transistor. The emitter of the transistor was connected to ground. Voltage on the 
source meter (Keithley Instruments GmbH, Germering, Germany, model 2636A) was 
chosen to obtain a current value slightly less than what is required to turn the LED on (5 
and 1.85 V for 1 and Zn2(DBTD)(DPB-CHO), respectively). The pressed pellet of the 
MOF was irradiated with a mounted high-powered LED (M365L2, Thorlabs, λex = 365 
nm, distance = 6 cm, LEDD1B power supply set at 700 mA) for 90 s and then turned off. 
In the case of 1, irradiation with UV light increased the current on the base of the 
transistor, allowing the LED to light up. During the control experiment with 
Zn2(DBTD)(DPB-CHO), no effect on the LED intensity was observed.  
Scheme 9.2. LED amplifier circuit diagram.  
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X-ray photoelectron spectroscopy studies 
The XPS studies on MOF samples were carried out using a Kratos AXIS Ultra 
DLD system equipped with a monochromatic Al Kα source, a hemispherical analyzer, 
charge neutralizer, and a load lock chamber for rapid introduction of samples without 
breaking vacuum. The base pressure in the XPS analysis chamber was 2×10–9 Torr before 
sample introduction and ≤ 2×10–8 Torr during experiments. XPS data were collected with 
a step size of 0.06 eV and dwell times of 1 s for O(1s), C(1s), N(1s), S(2p), and Zn(2p) 
regions. Because of the insulating nature of the MOF samples, a charge neutralizer was 
used to compensate for sample charging by bombarding the sample with low-energy 
electrons; electrons are generated by a hot filament, and the trajectories of the electrons 
toward the sample are controlled by electric and magnetic fields. Survey scans were 
acquired to establish that there were no contaminants introduced during the sample 
preparation. They were collected with a step size of 0.8 eV and dwell times of 0.3 s, and 
the following regions were collected for each sample unless otherwise specified: C(1s), 
O(1s), Zn(2p), S(2p), and N(1s).  
Regarding the assignment of sulfur oxidation states in both 2 and 2′, the S(2p) 
peaks around 164.1 and 163.4 eV are attributed to open and closed forms of the BPMTC 
linker, respectively (Figure 9.2 and 9.17). These binding energies are consistent with 
those that have been reported in the literature for the BPMTC linker itself.51 The 
difference in peak positions can be explained by changes in extended conjugation through 
the whole molecule during the photoisomerization process.51 
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Other Physical Measurements 
 PXRD patterns were recorded on a Rigaku Miniflex II diffractometer with 
accelerating voltage and current of 30 kV and 15 mA, respectively. FTIR spectra were 
obtained on a PerkinElmer Spectrum 100. Diffuse reflectance spectra were collected on 
an Ocean Optics JAZ spectrometer. An Ocean Optics ISP-REF integrating sphere was 
connected to the spectrometer using a 450 μm SMA fiber optic cable. Samples were 
loaded in an 8.0 mm quartz sample cell which was referenced with an Ocean Optics WS-
1 Spectralon reflectance standard. A mounted high-powered LED (M365L2, Thorlabs, λex 
= 365 nm, distance = 1 cm, LEDD1B power supply set at 700 mA) was used for in situ 
irradiation of the samples.  
Computational Details 
We have examined the electronic structure of the truncated model of the MOF (2 
and 2′) in which the BPMTC linker connecting two Zn-containing paddle-wheel metal 
nodes.52 The linker was taken with the open and closed central ring, reversibly switchable 
by the electromagnetic field in the UV-visible region of 350–750 nm or 1.65–4.10 eV. 
The results reported here were performed using B3LYP-D3/6-31+G** theory level unless 
otherwise noted. The electronic excitations are computed employing the TDDFT and 
Random Phase Approximation. For this molecular model, shown in Figure 2 (main text), 
the electrostatic charges on metal nodes are about –0.4 and 0.2 for the closed and open 
structures, respectively. The charges of the terminating pyridyl groups are 0.20 units. The 
charge of each Zn atom is about 1.25 units of elementary charge. The calculations have 
been performed using Q-Chem 5.1 software.53 
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We have tested several density functionals (B3LYP, TPPS, PBE, M06-2X) with 
the D3 dispersion correction.54 The B3LYP functional gave the best agreement with the 
UV-vis of the isolated ligand in the open and closed forms, although all functionals 
yielded a strong excitation ∼ 1.8 eV (690 nm) for the closed switch, while for the open 
switch, the optical gaps were (depending on the functional) 2.80–3.60 eV or in the range 
of 350-450 nm. These values are consistent with the previous studies of a similar switch 
as the central part of diarylethene connected to the gold electrodes, whose HOMO-
LUMO gaps were calculated as 1.73/3.58,55 1.7/3.1,56 and 2.34/3.6257 eV for closed/open 
switches, respectively. The values derived from ultraviolet photoelectron spectroscopy of 
diarylethene thin film (1.2/3.4 and 1.5/3.1 eV58) and in blends with P3HT and N2200 
2.24/3.86 and 2.26/3.86 eV.59 Thus, despite the limitation of our 119-atom truncated 
molecular model, we expect that the electronic structure of the closed/open BPMTC 
photoswitch is reasonably described by the selected theoretical method. 
The UV-vis spectra obtained with the convolution of 0.2 eV and normalized to 
one over the range 200–1000 nm are given for the fully closed and open switch and also 
for the statistical mixture of 11% and 39% in the closed state describing the experimental 
conditions in Figures 9.20 and 9.21 shows the HOMO-LUMO energy levels and the 
optical gaps for the closed and open switch, aligned to the zero of total electronic energy 
(the vacuum level for a molecule). 
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Table 9.2. The strongest excitations below 4.2 eV. 
 
 
method species energy, eV strength 
energy, 
eV strength 
energy, 
eV strength 
B3LYP-
D3 
“closed” 
cluster 
model 
1.795 0.406 3.158 0.063 3.274 0.065 
 
“open” 
cluster 
model 
3.437 0.189 4.092 0.361 4.113 0.063 
 “closed” ligand 1.863 0.307 3.239 0.105 3.864 0.144 
 “open” ligand 3.627 0.150 3.761 0.009 4.193 0.380 
TPPS-
D3 
“closed” 
cluster 
model 
1.631 0.398 2.269 0.018 2.700 0.044 
 
“open” 
cluster 
model 
2.858 0.068 3.067 0.053 2.534 0.006 
LRC-
ωPBEh-
D3 
“closed” 
cluster 
model 
2.038 0.390 3.654 0.210 3.803 0.024 
 
“open” 
cluster 
model 
4.245 0.679     
M06-
2X-D3 
“open” 
cluster 
model 
2.011 0.390 3.657 0.13 3.994 0.092 
 
“closed” 
cluster 
model 
4.167 0.584     
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Figure 9.18. Simulated UV-vis spectra and density of states for the BPMTC 
linker in the closed (– –) and open (– · –) forms, compared to the statistical 
mixture of the two forms (11% of closed linker (—) and 39% of closed linker 
(—)), as a part of truncated cluster (left) and as the isolated linker (right, 
open cluster model (—), closed cluster model (—), open linker (– –), and 
closed linker (– –)). 
 
 
Figure 9.19. (a) The density of states is centered at the Fermi level EF = 
(EHOMO + ELUMO)/2 (—), obtained with convolution of 0.1 eV. (b) The energy 
diagram of a diarylethene photoswitch, as part of 2 (2′) in its closed and open 
forms. The HOMO (—), LUMO (—), lowest excitation energies, Eopt (—), and 
EF (—) are shown with respect to the vacuum level (∙∙∙∙∙∙) of a truncated cluster 
with BPMTC linker. 
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